INTRODUCTION {#sec1-1}
============

This review is a continuation of the three earlier ones in this series on the application of matrix‐assisted laser desorption/ionization (MALDI) mass spectrometry to the analysis of carbohydrates and glycoconjugates (Harvey, [1999](#bib221){ref-type="ref"}, [2006](#bib223){ref-type="ref"}, [2008](#bib224){ref-type="ref"}) and brings the coverage of the literature to the end of 2004. The review is intended to illustrate both developments in technology and in the way in which analysis of carbohydrates contributes to scientific knowledge in general.

Matrix‐assisted laser desorption/ionization (MALDI) continues to be a major technique for the analysis of carbohydrates although electrospray, particularly with quadrupole‐time‐of‐flight (Q‐TOF) instruments, is becoming increasingly popular. Advantages of the MALDI‐Q‐TOF combination for proteomics and glycomics have been stressed in a brief focus paper (Huang, [2003](#bib257){ref-type="ref"}). Figure [1](#fig1){ref-type="fig"} shows the year‐by‐year increase in papers reporting use of MALDI MS for carbohydrate analysis for the period 1990--2004. As the review is designed to complement the earlier work, structural formulae, etc. that were presented earlier are not repeated. However, a citation to the structure in the earlier works is indicated by its number with a prefix (i.e., **1/x** refers to structure **x** in the first review and **2/x** to the second). Other reviews and review‐type articles directly concerned with, or including MALDI analysis of glycoconjugates that have been published during the review period include general reviews by Harvey ([2003](#bib222){ref-type="ref"}), Stuhler and Meyer ([2004](#bib642){ref-type="ref"}), and Zaia ([2004](#bib769){ref-type="ref"}), a review of capillary electrophoresis‐mass spectrometry for glycoscreening (Zamfir & Peter‐Katalinic, [2004](#bib770){ref-type="ref"}) and a review on new methods for mass spectrometry of bioorganic macromolecules (Cristoni & Bernsrdi, [2003](#bib109){ref-type="ref"}). More specific reviews include those on the glycosylation of *Caenorhabditis elegans* (Haslam & Dell, [2003](#bib232){ref-type="ref"}), characterization of substituent distribution in starch and cellulose derivatives (Richardson & Gorton, [2003](#bib577){ref-type="ref"}), derivatization of carbohydrates for chromatographic, electrophoretic, and mass spectral structural analysis (Lamari, Kuhn, & Karamanos, [2003](#bib364){ref-type="ref"}), structure of bacterial lipopolysaccharides (Caroff & Karibian, [2003](#bib81){ref-type="ref"}), analysis of post‐translational modifications (Cantin & Yates, [2004](#bib77){ref-type="ref"}; Jensen, [2004](#bib282){ref-type="ref"}; Seo & Lee, [2004](#bib612){ref-type="ref"}), the use of MALDI MS to detect enantioselectivity in gas‐phase ion‐molecule reactions with carbohydrates such as cyclodextrins (Speranza, [2004](#bib631){ref-type="ref"}), synthesis of heparan and heparin sulfate fragments (Poletti & Lay, [2003](#bib552){ref-type="ref"}), analysis of protein glycation products (Horvat & Jakas, [2004](#bib251){ref-type="ref"}; Kislinger, Humeny, & Pischetsrieder, [2004](#bib329){ref-type="ref"}), carbohydrate biosensors (Jelinek & Kolusheva, [2004](#bib281){ref-type="ref"}), synthesis and discovery of oligosaccharides and glycoconjugates for the treatment of disease (Macmillan & Daines, [2003](#bib426){ref-type="ref"}), dendrimers in drug research (Boas & Heegaard, [2004](#bib53){ref-type="ref"}), combinatorial carbohydrate synthesis (Baytas & Linhardt, [2004](#bib45){ref-type="ref"}), chemical tagging strategies for proteome analysis (Leitner & Lindner, [2004](#bib387){ref-type="ref"}), capillary electrophoresis of biopharmaceutical products (Kakehi, Kinoshita, & Nakano, [2002](#bib292){ref-type="ref"}) and the use of mass spectrometry to study congenital disorders of glycosylation type IIx (Mills et al., [2003b](#bib456){ref-type="ref"}).

![Yearly totals of the number of publications containing work relating to the application of MALDI mass spectrometry to carbohydrates and glycoconjugates.](MAS-28-273-g063){#fig1}

INSTRUMENTATION {#sec1-2}
===============

MALDI Interfaces to Trapped Ion Instruments {#sec2-1}
-------------------------------------------

A comparison between spectra obtained with a conventional quadrupole ion trap (QIT) (electrospray ionization) and a MALDI‐QIT‐reflectron‐TOF instrument has shown that the latter instrument produces significant amounts of metastable fragmentation due to the longer (msec) time span of the QIT trapping process, an observation also made by Harvey et al. ([2004](#bib225){ref-type="ref"}) with released *N*‐glycans. Glycopeptides were completely desialylated in the process. Fragmentation (MS^2^) of glycopeptides produced fragments exclusively from the carbohydrate with the ESI‐QIT instrument with peptide fragmentation occurring in MS^3^, whereas the MALDI‐QIT‐reflectron‐TOF instrument yielded both types of fragmentation at the MS^2^ stage (Demelbauer et al., [2004](#bib128){ref-type="ref"}).

High‐Pressure and Atmospheric Pressure MALDI (AP‐MALDI) {#sec2-2}
-------------------------------------------------------

Coupling of both vacuum and atmospheric pressure MALDI (AP‐MALDI) ion sources with ion‐trap instruments has been reviewed (Moyer et al., [2003](#bib474){ref-type="ref"}) and the latter technique investigated as a method for obtaining fragmentation spectra from carbohydrates. High‐pressure ion sources have been developed to cool ions in an attempt to reduce or eliminate fragmentation occurring either in‐source or post‐source. Such fragmentation is the primary factor limiting the use of vacuum MALDI for analysis of acidic glycans and can be considerably reduced with a high‐pressure ion source but at the cost of diminished sensitivity. Arabinosazone (**1/40**) has been used as the matrix for maltohexaose (α‐[d]{.smallcaps}‐Glc*p*‐(α‐[d]{.smallcaps}‐Glc*p*‐)~4~‐(1 → 4)‐α‐[d]{.smallcaps}‐Glc*p*, **1**) in positive ion mode (\[M + Na\]^+^ ion) and for 6′‐sialyllactose (**2**) in negative mode (\[M−H\]^−^). The spectrum of the latter compound contained two abundant fragments, an ^O,2^A~3~ and a C‐ion (Domon and Costello ([1988](#bib136){ref-type="ref"}) nomenclature, see first review, Scheme 3) whereas the major glycosidic fragments in the positive ion spectrum were produced by B or Y cleavages. chemical structure image chemical structure image

Because of the near physiological conditions attainable at atmospheric pressure with glycerol as the matrix, it has been possible to observe non‐covalent complexes between carbohydrates and synthetic peptides that were designed to mimic the binding sites of three members of the siglec family. 3′‐ (**3**) and 6′‐sialyllactose (**2**), were used as the carbohydrate ligands with 3‐sialyllactose maintaining its binding specificity for sialoadhesin (Von Seggern & Cotter, [2004](#bib704){ref-type="ref"}). A new AP‐MALDI technique named atmospheric pressure infrared ionization from solution (AP‐IRIS) that is claimed to be 16 times a sensitive as AP UV‐MALDI has been implemented on a QIT mass spectrometer (Tan et al., [2004](#bib664){ref-type="ref"}). The method operated in the absence of an extraction field and used a high power IR laser with aqueous glycerol as the matrix. Spectra consisting of \[M + Na\]^+^ ions were obtained from several high‐mannose and complex *N*‐linked glycans with much better signal/noise ratios than with corresponding amounts ionized by UV‐MALDI from 2,4,6‐trihydroxyacetophenone (THAP, **1/44**). chemical structure image

Other Developments in Instrumentation and Techniques {#sec2-3}
----------------------------------------------------

Matrix‐assisted laser desorption/ionization (MALDI) plates sprayed with the hydrophobic 3M product, ScotchGard™, a water repellent material for coating fabrics, has the effect of reducing the MALDI spot size and improving sensitivity (Owen et al., [2003](#bib522){ref-type="ref"}). For cleaning, the coating could easily be removed with methyl‐*t*‐butyl ether and the film reapplied to the clean plate. Experiments with the carbohydrate‐containing antibiotic, erythromycin A (**4**), showed increases in sensitivity of two‐ to threefold when ionized from the coated targets compared with signals from uncoated plates. chemical structure image

A microdeposition device has been constructed which mixes effluent from capillary electrochromatography or microcolumn liquid chromatography with the MALDI matrix and deposits the mixture onto the MALDI plate. Dextrin and *N*‐linked glycans from ribonuclease B were successfully analyzed (Tegeler et al., [2004](#bib667){ref-type="ref"}). An array of 96 perforated nanovials manufactured by silicon microfabrication and filled with 40 nL of reversed‐phase beads has been developed as a MALDI target for peptide analysis. It was successfully used to examine peptides and glycopeptides from prostate‐specific antigen (Ekström et al., [2004](#bib144){ref-type="ref"}).

Liquid chromatography‐mass spectrometry (LC‐MS) has the disadvantage that the entire sample is consumed after exiting the HPLC column. Lochnit and Geyer ([2004](#bib407){ref-type="ref"}) have used nano‐LC‐MALDI‐TOF MS to examine tryptic peptides and glycopeptides, a technique that allows more detailed MS investigation of the effluent to be made. The technique also produced enhanced detection of glycopeptides in the presence of peptides and improved characterization of the attached glycans by optimizing the experimental conditions.

MATRICES {#sec1-3}
========

Theory of Matrix Action {#sec2-4}
-----------------------

Investigations into the mechanism of proton transfer from dihydroxybenzoic acid (DHB) isomers continues. Yassin and Marynick ([2003](#bib759){ref-type="ref"}) have calculated the gas‐phase acidities of the radical cations of all six dihydroxybenzoic acid (DHB) isomers using density functional theory and found excellent agreement with experimental measurements. The 2,5‐isomer (**1/26**), the most effective matrix, was the least acidic (in this review the abbreviation DHB is used for the 2,5‐isomer, unless stated otherwise). The results indicate that, as proposed earlier (Gimon et al., [1992](#bib190){ref-type="ref"}), deprotonation occurs at the phenolic rather than the acidic site as the result of resonance stabilization of the resulting ion. This conclusion is consistent with the theory proposed by Harvey ([1993](#bib220){ref-type="ref"}) that one of the reasons that the 2,5‐isomer is so effective a matrix is that it is the only one that can form a *p*‐benzoquinone‐type (**5**) structure after photochemical decarboxylation. chemical structure image

Sugars, however generally ionize as \[M + Na\]^+^ ions for which the factors governing formation are much less clear. A recent study by Antonopoulos et al. ([2003](#bib20){ref-type="ref"}) on the mechanism of attachment of sodium to glucose and its methylated derivatives found no simple correlation between ion yield and factors such as volatility and hydrophobicity. A study by Luxembourg et al. ([2003](#bib421){ref-type="ref"}) using the high resolution capability of matrix‐assisted secondary ion mass spectrometry has demonstrated crystal inhomogeneity among DHB crystals on MALDI targets. Some crystals were free of sodium whereas others contained sodium and sample. Yet other areas of the target contained mostly sodium and little matrix. The results were thought to explain the phenomenon of "sweet spots" frequently observed with MALDI targets.

Proton‐affinity values for 15 common matrices have been measured by a kinetic method. α‐Cyano‐4‐hydroxycinnamic acid (CHCA, **1/23**) and DHB showed the lowest affinity whereas 2‐(4′‐hydroxyphenyl)azobenzoic acid (HABA, **1/32**) and *nor*‐harmane (**1/35**) had the highest affinity. In general, the rank order was similar to that found by other investigators. With β‐cyclodextrin (**6**, cyclic‐(1 → 4)‐α‐[d]{.smallcaps}‐glucose)~7~ as the reference compound in negative ion mode, matrices with low proton affinity, such as DHB (204.4 ± 0.17), produced no \[M−H\]^−^ ions whereas those with high affinity, such as *nor*‐harmane (233.0 ± 0.44), did (Mirza, Raju, & Vairamani, [2004b](#bib458){ref-type="ref"}). Gas‐phase potassium binding energies of several MALDI matrices have also been published (Zhang et al., [2003b](#bib778){ref-type="ref"}). chemical structure image

Fournier et al. ([2003](#bib163){ref-type="ref"}) have measured the ablation volume of DHB crystals under different laser powers and found that, although the ablation volume increased only slowly with increasing laser power, the signal rose dramatically. They interpreted their results as involving a very rapid ablation to produce a plume that was further ionized by the incoming laser beam. Frankevich et al. ([2003](#bib164){ref-type="ref"}) have discussed the role of photoelectrons on MALDI sensitivity. Suppression of photoelectrons with a film of insulating material on the target; the authors used Scotch Magic Tape; was found to produce an increase of up to two orders of magnitude in sensitivity and an improvement in resolution.

Simple Matrices {#sec2-5}
---------------

Bashir, Mutter, and Derrick ([2003b](#bib42){ref-type="ref"}) have investigated long‐chain esters of DHB as matrices and found some improvement in performance, particularly after the addition of iodine to those compounds that contained a double bond in the chain. The mechanism producing this enhancement in performance by the addition of iodine was unclear but the reason for the improved performance with some of the long‐chain compounds was thought to be the formation of micelles that enhanced the matrix--analyte interactions.

5‐Amino‐2‐mercapto‐1,3,4‐thiadiazole (AMT, **7**) has been described as a new matrix for carbohydrates (Mirza et al., [2004a](#bib457){ref-type="ref"}). Its performance was similar to that of DHB although slightly higher‐mass compounds could be ionized from dextran‐5000. Kéki et al. ([2004](#bib316){ref-type="ref"}) have ionized simple organic molecules such as a peracetylated isoflavone glycoside (**8**) from common matrices such as DHB doped with silver trifluoroacetate to give \[M + Ag~3~\]^+^ species. These ions were shown to be more stable than the corresponding \[M + Ag\]^+^ ions. The latter ions and their Cu^+^ counterparts, fragmented in a similar manner to those from Na^+^ and Li^+^ (Kéki et al., [2004](#bib316){ref-type="ref"}). Carbon nanotubes, prepared from coal by an arc discharge have been reported as a novel matrix for low molecular weight peptides and β‐cyclodextrin (Xu et al., [2003](#bib748){ref-type="ref"}). Spectra showed a very low background as the result of the absence of matrix peaks and ions produced by fragmentation. To obtain the spectrum, a well‐dispersed ethanolic solution of nanotubes was deposited onto the MALDI target and allowed to dry. The sample solution was then deposited onto the nanotubes and dried with hot air. Two papers reporting the use of fine cobalt powder for the analysis of lepidimoic acid (**9**) from okra pectic polysaccharide (Hirose et al., [2003](#bib241){ref-type="ref"}) and of lepidimoide (**10**) from okra mucilage have appeared (Hirose, Endo, & Hasegawa, [2004](#bib242){ref-type="ref"}). chemical structure image chemical structure image chemical structure image chemical structure image

Binary Matrices {#sec2-6}
---------------

A mixture of DHB and CHCA has been shown to give enhanced performance for the ionization of glycopeptides than use of the individual matrices. The mixed matrix showed better tolerance towards the presence of salts and impurities and improved peptide sequence coverage (Laugesen & Roepstorff, [2003](#bib376){ref-type="ref"}). A thin layer of very homogeneous crystals has been produced by mixing THAP with nitrocellulose and used to analyze pectin digests (Mohamed, Christensen, & Mikkelsen, [2003](#bib461){ref-type="ref"}).

Liquid Matrices {#sec2-7}
---------------

Atmospheric pressure MALDI (AP‐MALDI) has the advantage over vacuum MALDI of collisional stabilization of fragile molecules such as carbohydrates containing sialic acid residues. The technique is also compatible with the use of liquid matrices whose volatility presents problems under vacuum conditions. Von Seggern, Moyer, and Cotter ([2003a](#bib705){ref-type="ref"}) have compared water, glycerol, and nitrobenzyl alcohol (**1/21**) for ionization of sialylated glycans with an IR laser (Er:YAG, 2,490 nm) and have found that glycerol provides the longest lasting signal with the best signal/noise ratio. Water was too volatile to survive for long under the heat produced by the laser. Intact sialylated glycans were desorbed as \[M−H\]^−^ and \[M + Na\]^+^ ions under negative and positive conditions respectively. In a further study (Von Seggern, Zarek, & Cotter, [2003b](#bib706){ref-type="ref"}), the glycerol matrix was doped with alkali (Li, Na, K) alkaline earth (Ca) or transition metal cations (Ca, Co) for production of adducts containing one or two singly charged cation or one doubly charged cation. Adduction proved to be efficient with lithium or potassium being able to replace the more common sodium adduction when salts (Cl^−^ or I^−^) containing these metals were used as the doping agents. Cobalt adduction was achieved by use of cobalt powder added to the glycerol. Fragmentation (see below) was obtained with an ion‐trap instrument.

The use of glycerol as the matrix with an IR laser under atmospheric pressure conditions has also enabled non‐covalent sugar--sugar complexes to be observed (Von Seggern & Cotter, [2003](#bib703){ref-type="ref"}). The stability of the complexes varied with different sugars potentially due to the strengths of the hydrogen bonding networks. Fragmentation of the complexes was also a function of structure; some complexes, particularly those containing sialic acid, fragmented by loss of the acid before breakdown of the complex whereas complexes between neutral molecules tended preferentially to dissociate into monomer units.

Ionic Liquid Matrices {#sec2-8}
---------------------

Ionic liquid matrices appear to show great promise for carbohydrate analysis. The matrix DHB‐butylamine (DHBB) was reported to give improved shot--shot reproducibility compared with solid matrices such as DHB, and reduced the relative standard deviation by 50%. It also produced much less fragmentation from compounds such as sialylated carbohydrates (Mank, Stahl, & Boehm, [2004](#bib434){ref-type="ref"}). Greatly improved quantitative performance has also been reported by Zabet‐Moghaddam, Heinzle, and Tholey ([2004](#bib767){ref-type="ref"}).

DERIVATIVES {#sec1-4}
===========

Derivatization techniques for analysis of carbohydrates have been reviewed (Gao et al., [2003](#bib177){ref-type="ref"}; Suzuki et al., [2003b](#bib652){ref-type="ref"}).

Reducing‐Terminal Derivatives {#sec2-9}
-----------------------------

### Reducing‐Terminal Derivatives Prepared by Reductive Amination {#sec3-1}

Advantages of analytical derivatization have been emphasized by Rosenfeld ([2003](#bib585){ref-type="ref"}) with, among others, examples from the reductive amination of carbohydrates for improving the interpretation of fragmentation spectra and for modifying behavior in chromatographic systems. MALDI is frequently used to monitor reducing‐terminal labeling, used to attach fluorophores or chromophores to carbohydrates for chromatographic detection as illustrated in a recent study of glycans from the Tamm‐Horsfall glycoprotein (Rohfritsch et al., [2004](#bib583){ref-type="ref"}) and the use of 2‐AA‐derivatives to monitor glycosylation of therapeutic glycoproteins (Dhume et al., [2002](#bib130){ref-type="ref"}). Benzylamine (**2/9**) derivatization was used by Morelle and Michalski ([2004](#bib468){ref-type="ref"}) mainly for ESI‐MS/MS analysis of small and *N*‐linked glycans. However, exoglycosidase sequencing was performed on a MALDI target and it was observed that the derivative did not inhibit the enzymic reaction. An, Franz, and Lebrilla ([2003a](#bib13){ref-type="ref"}) have derivatized several sugars, including *N*‐linked glycans released from ribonuclease B, with benzylamine and quaternized the product with methyl iodide as originally performed by Broberg, Broberg, and Duus ([2000](#bib66){ref-type="ref"}) but with a procedure not involving the use of resins. The product allowed separation of isomers by capillary electrophoresis (CE) and also gave strong MALDI spectra on account of the inbuilt charge.

It is possible to remove labels attached by reductive amination; thus, 2‐aminopyridine (2‐AP, **1/52**)‐derivatized *N*‐glycans have been underivatized by a process that involved catalytic hydrogenation and hydrazinolysis using the method reported by Hase ([1992](#bib226){ref-type="ref"}) to give the reducing‐terminal amine which was converted to an aldehyde using the Sommlet reaction (hexamethylenetetramine and acetic acid) (Takahashi, Nakakita, & Hase, [2003a](#bib658){ref-type="ref"}).

### Reducing‐Terminal Derivatives Prepared by Other Methods {#sec3-2}

Phenylhydrazine (**11**) has been used to form hydrazone derivatives of *N*‐linked glycans for both MALDI and electrospray ionization. Because the derivatives were not reduced, as with reductive amination, no post‐derivatization clean‐up was necessary. Derivatives could be prepared on‐target by addition of a solution (0.5 µL), prepared by dissolving phenylhydrazine (1 µL) in 10 µL of water/methanol (4:1 v/v), directly to the glycan--matrix mixture on the MALDI target and allowing the mixture to dry under ambient conditions for 45 min. No osazone formation was reported and the derivatives produced \[M + Na\]^+^ ions. Post‐source decay (PSD) spectra were reported to be simpler than those of the underivatized glycans and to be dominated by B/Y internal fragments (Lattova & Perreault, [2003a](#bib371){ref-type="ref"},[b](#bib372){ref-type="ref"}). chemical structure image

Several hydrazones containing either a constitutive cationic charge, such as those formed from Girard\'s T reagent (**1/55**, quaternary ammonium) or from hydrazines carrying a guanidine group (e.g., **12**), have been shown to produce increases in sensitivity and to suppress signals from peptides, thus allowing *N*‐linked glycans to be detected in the presence or tryptic peptides without extensive clean‐up (Shinohara et al., [2004](#bib618){ref-type="ref"}). Differences in sensitivity among the derivatives were observed. Among those containing a charge, and which formed M^+^ ions, the pyridinium derivative (**13**) was the most efficient, producing a detection limit of 1 fmol. The guanidine derivatives formed \[M + H\]^+^ ions and some produced equal detection limits. It would appear that the most efficient derivatives possessed both good ion‐forming properties and high lipophilicity. Improved detection limits have also been achieved by use of hydrazide derivatives of the cyanine dyes Cy‐3 (**14**) or Cy‐5 (**15**) that contain a constituent positive charge (Kameyama et al., [2004](#bib296){ref-type="ref"}). *N*‐glycans from chicken ovalbumin could be detected with near independence from the type of matrix. PSD spectra contained mainly Y‐type ions consistent with localization of the positive charge on the derivative. chemical structure image chemical structure image chemical structure image chemical structure image

Derivatives of Other Sites {#sec2-10}
--------------------------

Sialic acids can be stabilized for MALDI analysis by formation of methyl esters to remove the very labile acidic proton on their carboxyl groups. Migration of this hydrogen atom is largely responsible for lability of this carbohydrate. A recent example of methyl ester formation is in a study of the *N*‐linked glycosylation of the glycoprotein, *N*‐cadherin, from human melanoma cell lines (Ciolczyk‐Wierzbicka et al., [2004](#bib99){ref-type="ref"}). The acids were first converted into their sodium salts with a Dowex AG50 resin (Na^+^ form) and these salts were then reacted with methyl iodide. Other examples are included below.

CLEAN‐UP OF SAMPLES PRIOR TO MALDI ANALYSIS {#sec1-5}
===========================================

Removal of contaminants such as salts, buffers, etc. is essential to obtain high quality spectra. A variety of methods are used, the majority being dialysis, use of various membranes such as Nafion 117 (Börnsen, Mohr, & Widmer, [1995](#bib61){ref-type="ref"}) or various resins. Methods for preparing samples for mass spectrometric analysis have been reviewed (Perreault, [2004](#bib544){ref-type="ref"}). Some examples of those during the review period are listed below.

Membranes {#sec2-11}
---------

Drop dialysis has been used in clean‐up of lipooligosaccharide (LOS) from *Moraxelle catarrhalis* by Luke et al. ([2003](#bib419){ref-type="ref"}) and a Nafion membrane for on‐probe clean‐up of *O*‐acetylated glucomannans from birch and aspen (Teleman et al., [2003](#bib668){ref-type="ref"}).

Use of Resins {#sec2-12}
-------------

Dowex AG50 resins in various forms have been used for analysis of *N*‐glycans from the moss *Physcomitrella patens* (Viëtor et al., [2003](#bib698){ref-type="ref"}) (AG 50W‐X2 form), deacylated lipopolysaccharide (LPS) from *Vibrio parahaemolyticus* strains (Hashii et al., [2003a](#bib228){ref-type="ref"},[b](#bib229){ref-type="ref"}) (50 W × 8, H^+^ form to remove cations) and extracellular polysaccharide (EPS) from *Burkholderia cepacia* (Cescutti et al., [2003](#bib84){ref-type="ref"}) (50 W × 8--200). AG50 combined with AG3 (anions) in a gel loader tip have been used for *N*‐linked glycans (Hoja‐Lukowicz et al., [2000](#bib244){ref-type="ref"}; Ciolczyk‐Wierzbicka et al., [2004](#bib99){ref-type="ref"}). Porous graphitized carbon has been employed to desalt quaternized benzylamine derivatives (An, Franz, & Lebrilla, [2003a](#bib13){ref-type="ref"}) and Hypercarb columns have been used by Mills et al. ([2003b](#bib456){ref-type="ref"}) for *N*‐linked glycans released from human plasma glycoproteins proteins and by Forno et al. ([2004](#bib162){ref-type="ref"}) for *N*‐ and *O*‐linked glycans from recombinant human granulocyte‐macrophage colony‐stimulating factor secreted by a Chinese hamster ovary (CHO) cell line. Several examples of the use of cellulose cartridges have been published; thus, Higai et al. used them for purification of *N*‐glycans from α1‐acid glycoprotein (AGP) (Higai et al., [2003a](#bib237){ref-type="ref"}) and sialyl Lewis X antigen‐expressing glycoproteins secreted by human hepatoma cell line (Higai et al., [2003b](#bib238){ref-type="ref"}) and Wada, Tajiri, and Yoshida ([2004](#bib707){ref-type="ref"}) have employed both cellulose or Sepharose for the separation of tryptic glycopeptides from tryptic peptides.

C18‐solid‐phase extraction followed by Carbograph column was used by Ohl et al. ([2003](#bib505){ref-type="ref"}) to remove detergents from *N*‐glycans. Salts, etc. ware eluted from the columns with water, neutral glycans with 25% MeCN and acidic glycans with 25% MeCN/0.05% trifluoroacetic acid (TFA). Amberlite IR‐120 (H^+^) was used by Frirdich et al. ([2003](#bib166){ref-type="ref"}) to purify core oligosaccharide from *E. coli*. Release of *N*‐glycans with protein‐*N*‐glycosidase F (PNGase F) is more efficient if the glycoprotein is pre‐digested with trypsin or other protease. However, the resulting peptides can interfere with subsequent analysis and are difficult to remove with octadecyl (C~18~) silica cartridges, cation exchange columns or graphitized carbon cartridges. To overcome this problem, Nakano, Kakehi, and Lee ([2003b](#bib487){ref-type="ref"}) have modified the amino groups of the peptides with 2,4,6‐trinitrobenzene‐1‐sulfonate (**16**) to render them more hydrophobic so that they can be more strongly retained on C~18~ or graphitized carbon. chemical structure image

Bioaffinity Clean‐Up {#sec2-13}
--------------------

Affinity capture of glycoproteins to a MALDI target has been reported by Koopmann and Blackburn ([2003](#bib341){ref-type="ref"}). The target was coated with poly‐[l]{.smallcaps}‐lysine poly(ethylene glycol)‐biotin polymer followed by tetrameric neutravidin. This surface then acted as a capturing surface for biotinylated proteins which could be adsorbed and desalted by washing. MALDI spectra were obtained following addition of CHCA to the surface. Protein--protein interactions could also be studied with this treated target and, furthermore, it could be used to isolate glycoproteins by lectin binding. Thus, biotinylated wheat germ agglutinin bound to the surface was used to further capture fetuin. The resulting MALDI spectrum contained ions from the biotinylated lectin, neutravidin and fetuin.

On‐Target Fractionation {#sec2-14}
-----------------------

Glycopeptides, such as those obtained from protease digests, frequently give weak signals in the presence of hydrophobic peptides. A simple method for separating hydrophobic from hydrophilic peptides on a MALDI target has recently been devised (Kjellström & Jensen, [2003](#bib332){ref-type="ref"}). An aqueous solution of the peptide mixture was placed on the target followed by an immiscible solvent, such as ethyl acetate with or without added matrix. The organic solvent extracted the hydrophobic peptides and was allowed to evaporate, after which, the residual aqueous phase was transferred to another part of the target and allowed to dry after addition of DHB. MALDI spectra could then be acquired from both the hydrophobic and hydrophilic fractions.

QUANTIFICATION {#sec1-6}
==============

A paper on quantitation of glucose (**1/4**) in a study on enzyme kinetics has highlighted problems in the use of MALDI‐MS for quantitative work and how the technique can produce good quantitative results in spite of the popular belief that the technique is not quantitative. The inhomogeneity of the target and variations in the shot‐to‐shot laser intensity can be compensated for by averaging many shots from different target positions. It is also important to eliminate any spectrum in which the A/D converter is saturated. By use of a \[U‐^13^C\]‐labeled internal standard and measurement of the \[M + Na\]^+^ ions, a linear calibration curve was obtained with a correlation coefficient of *r* = 0.991. The mean standard deviation was 6% but the authors (Bungert, Heinzle, & Tholey, [2004b](#bib72){ref-type="ref"}) state that this could be improved if more spectra were averaged although this would have increased the analysis time.

A MALDI method for the quantification of glucose from hydrolyzed starch has been reported. Sorbitol (**1/42**) was used as the internal standard and DHB provided the matrix even though it produced peaks in the same region, but not at the same mass as the analytes. Calibration curves were linear over the range 0.1--10 pmol added to the target and the method compared favorably with the normal colorimetric method for measuring glucose. Even though the MALDI results showed a greater degree of variability, this was more than compensated for by the speed of analysis (Grant et al., [2003](#bib200){ref-type="ref"}).

A quantitative MALDI‐TOF MS method as also been developed for screening of ten pyranose oxidase variants. The isotopic labeled internal standard, \[U‐^13^C\]‐glucose and the ionic liquid matrix, DHB/pyridine, were used with aliquots of enzyme reaction mixtures without pre‐purification steps (Bungert et al., [2004a](#bib71){ref-type="ref"}). The ionic, liquid matrix enabled spectra to be recorded from most areas of the target (only 7 out of 200 spots failed to produce a signal). The mean standard deviation for glucosone was 11.8% and the results were in good agreement with HPLC measurements.

FRAGMENTATION {#sec1-7}
=============

Glycosidic and cross‐ring cleavages produce most of the fragment ions from carbohydrates. A third type of fragmentation mechanism has now been reported involving hexacyclic hydrogen rearrangements. The products were proposed to consist of unsaturated sugar rings lacking two oxygen atoms as shown in Scheme [1](#sch1){ref-type="fig"} (Spina et al., [2004](#bib632){ref-type="ref"}).

![](MAS-28-273-g010){#sch1}

Post‐Source Decay (PSD) {#sec2-15}
-----------------------

Post‐source decay (PSD) fragmentation of per‐acylated *iso*‐flavone glycosides (e.g., **8**) cationized with various metals and hydrogen have shown that the number of fragment ions decreased in the order Li^+^=Na^+^ \> Ag^+^ \> Cu^+^ \> H^+^ \> K^+^ \> Rb^+^=Cs^+^, roughly in line with earlier studies of underivatized carbohydrates (Kéki et al., [2003](#bib315){ref-type="ref"}). Fragments were largely glucosidic and losses of acetic acid and ketene but, unusually, there were a few fragments in some of the metal‐cationized spectra that had lost the metal. Loss of acetic acid and ketene was highest for the lighter metals. The authors attributed this observation to elimination of metal acetates.

Neutral and some acidic carbohydrates have been shown to form stable adducts with chlorine that survive the MALDI process to give \[M + Cl\]^−^ ions from matrices such as harmine (**1/36**) that have gas‐phase acidities lower than or close to that of HCl (Cai, Jiang, & Cole, [2003](#bib76){ref-type="ref"}). Such adducts open the way for the production of negative ion fragmentation spectra from carbohydrates that, in many cases, produce more informative spectra than their positive ion counterparts. In the above publication, the adduct of the disaccharide [d]{.smallcaps}‐turanose (α‐[d]{.smallcaps}‐Glc*p*‐(1 → 3)‐[d]{.smallcaps}‐Fru, **17**) was reported to fragment initially by loss of HCl to give a PSD spectrum containing both glycosidic and cross‐ring fragments arising from what was essentially a \[M−H\]^−^ ion. chemical structure image

MS/MS analysis of *N*‐acetyllactosamine‐6,6′‐disulfate (**18**) and its 2′‐epimer produce different fragmentation patterns under several mass spectrometric methods (fast‐atom bombardment (FAB), ESI and MALDI‐PSD). The PSD spectra were characterized by an abundant ion at *m*/*z* 431 that was produced from the 2α‐epimer by elimination of both the *N*‐acetylamino‐group and the 6‐sulfate (Ohashi et al., [2004](#bib504){ref-type="ref"}). Muzikar et al. ([2004](#bib480){ref-type="ref"}) have found that many carbohydrates containing an amino group at the reducing terminus show enhanced PSD fragmentation with production of more abundant cross‐ring fragments. *N*‐linked glycans are normally released enzymatically in this form but cross‐ring fragmentation of these branched compounds was not enhanced as much as that from linear compounds and was inferior to the high‐energy fragmentation obtained with a TOF/TOF mass spectrometer. chemical structure image

Collision‐Induced Decomposition (CID) {#sec2-16}
-------------------------------------

A novel method of ion isolation for CID has utilized IR‐induced fragmentation and consequent removal of unwanted ions by use of a Nd:YAG laser that shone directly into the analytical cell of a modified Fourier transform ion cyclotron resonance (FT‐ICR) mass spectrometer (Xie, Schubothe, & Lebrilla, [2003](#bib744){ref-type="ref"}). The method differed from existing techniques in that it did not involve diverting the unwanted ions with magnetic or electric fields. The paper reported the isolation of γ‐cyclodextrin (**1/65**) from a mixture containing maltotetraose ((β‐(1 → 4)‐linked [d]{.smallcaps}‐glucose)~4~, **19**) and maltohexaose both of which also produced fragments in the analytical cell prior to irradiation with the IR laser. Infrared multiphoton dissociation (IRMPD) of alkali metal‐adducted carbohydrates has also been studied in this instrument and compared with CID. Although higher energy fragmentation could be obtained with CID, IRMPD provided continuous energy transfer to the fragment ions with the result that more extensive fragmentation was achieved (Xie & Lebrilla, [2003](#bib743){ref-type="ref"}). chemical structure image

Fragmentation of maltohexaose and high‐mannose glycans (positive ion) with a TOF‐TOF mass spectrometer with air as the collision gas has been shown to give high‐energy‐type fragmentation with the production of abundant cross‐ring cleavage ions and, in particular, X‐type cleavages not seen in the low energy spectra. Isomers of Man~7~GlcNAc~2~ (**20**) could be distinguished with respect to the antenna (3 or 6) to which the seventh mannose was attached by the ^O,4^A~3~ and ^3,5^A~3~ ions (Mechref, Novotny, & Krishnan, [2003](#bib444){ref-type="ref"}). Similar results have been reported by Morelle et al. ([2004](#bib469){ref-type="ref"}) with a series of smaller sugars. A study of the effect of DHB or CHCA on fragmentation patterns of native and permethylated oligosaccharides in a TOF/TOF mass spectrometer has shown that, whereas CHCA promoted mainly glycosidic cleavages, DHB initiated glycosidic, cross‐ring and internal cleavages with X‐type cross‐ring cleavages among the most abundant ions. Permethylation produced increased sensitivity and spectra that were easier to interpret. Studies with avidin from a DHB matrix allowed most of its *N*‐glycans to be identified (Stephens et al., [2004a](#bib636){ref-type="ref"}). A comparison of matrices used for ionization of 2‐AP‐labeled complex *N*‐linked glycans with a TOF‐TOF mass spectrometer has shown that, whereas CHCA produced only sodiated fragments in MS^2^ spectra from \[M + Na\]^+^ parent ions, DHB produced both sodiated and protonated ions. It was suggested that the two matrices produced parent ions in different excited states (Kurogochi & Nishimura, [2004](#bib356){ref-type="ref"}). However, CHCA was more effective than DHB in producing abundant PSD ions. Although providing additional information through the production of more cross‐ring cleavages, acidic glycans showed extensive fragmentation before reaching the collision cell. Sialylated glycans, however, can be stabilized by permethylation or methyl ester formation, as discussed above. chemical structure image

Negative ion fragmentation appears to be gaining more in popularity because of its ability to produce abundant cross‐ring cleavages. The \[M−H\]^−^ ion generated by AP‐MALDI from 6′‐sialyl‐lactose (6′‐SL, **1**) using a glycerol matrix, for example, yields the ^O,2^A~3~ ion as the most abundant fragment (Von Seggern, Moyer, & Cotter, [2003a](#bib705){ref-type="ref"}). C‐ions were prominent in the spectrum of this and larger sugars such as LSTa (Neu5Ac‐α‐(2 → 3)‐Gal‐β‐(1 → 3)‐GlcNAc‐β‐(1 → 3)‐Gal‐β‐(1 → 4)‐Glc, **21**) and LSTb (Gal‐β‐(1 → 3)‐(Neu5Ac‐α‐(2 → 3))GlcNAc‐β‐(1 → 3)‐Gal‐β‐(1 → 4)‐Glc, **22**) and the spectra easily allowed the location of sialic acids to be determined. Cross‐ring and C‐type fragments were also prominent in the spectra of lithiated adducts and, in particular, the spectra of lithium salts of sialic acids (Von Seggern, Zarek, & Cotter, [2003b](#bib706){ref-type="ref"}). Fragmentation of the \[M + Li\]^+^ and \[M + Co\]^+^ ions showed no significant difference between 3′‐ (**3**) and 6′‐SL (**2**) but the spectra of the \[M + 2Li\]^+^ ions were different. In general, replacing the acidic proton of the sialic acid group by salt formation prevented ready loss of sialic acid under positive ion conditions and accentuated differences between the spectra of isomeric sugars containing sialic acid at different positions. chemical structure image chemical structure image

### Multiple Successive Fragmentation (MS^n^) {#sec3-3}

Studies with a MALDI‐ion‐trap‐TOF instrument have shown that many of the fragments in the positive ion spectra of *N*‐glycans originate from multiple sites. In the spectra of high‐mannose glycans an ion formed by loss of the chitobiose core and 3‐antenna is diagnostic for the composition of the 6‐antenna. However, in the spectra of biantennary glycans (**23**), the abundant ion at the equivalent mass (*m*/*z* 712, Hex~3~‐HexNAc) was shown to be formed predominantly from the B~5~ ion (loss of the reducing‐terminal GlcNAc) and Gal‐GlcNAc from each antenna (Harvey et al., [2004](#bib225){ref-type="ref"}). chemical structure image

Computer Analysis of Fragmentation Spectra {#sec2-17}
------------------------------------------

The programming language Java has been used to write a program for identifying the total monosaccharides present in a tryptic glycopeptide containing up to six *O*‐linked glycans from the hinge region of human serum immunoglobulin 1 (IgG1). The program also calculated the amount of each glycopeptide as a percentage of total peak area (Pouria et al., [2004](#bib555){ref-type="ref"}).

A modification and extension to the StrOligo algorithm (Ethier et al., [2002](#bib148){ref-type="ref"}) for assigning structures of *N*‐linked glycans from their CID spectra has been published (Ethier et al., [2003](#bib149){ref-type="ref"}). Spectra were recorded with a MALDI‐Q‐TOF instrument, isotope‐stripped and examined for peaks corresponding to monosaccharide losses. The program then built a relationship tree that was analyzed with respect to fragment ion types and adduct. \[M + Na\]^+^, the ions usually encountered in MALDI spectra of carbohydrates are now catered for as well as the \[M + H\]^+^ ions featured in the original version of the program. Negative ion fragmentation was also accommodated. Greater attention to known biochemistry was incorporated in the new algorithm and the program was able to annotate spectra with the most probable structure.

A web‐based tool entitled GLYCO‐FRAGMENT, to be found at <http://www.dkfz.de/spec/projekte/fragments/> accepts carbohydrate structures in the extended IUPAC nomenclature (<http://www.chem.qmw.ac.uk/lupac/2carb/38.html>), as developed for the carbohydrate database, CarbBank, and calculates the masses of all possible fragments. The presence of reducing‐terminal derivatives, various adducts such as sodium or lithium, persubstituted (e.g., permethyl) derivatives and substituents such as sulfate, acetate and phosphate are also accepted. B‐ and Y‐type fragments are listed by default and masses of C‐, Z‐ and cross‐ring fragments can be obtained on demand. Internal fragments are not catered for. Output is in the form of a list or, in "view as structure" mode, ions associated with cleavage of each bond are shown when the user moves a cursor over a specific glycosidic linkage (Lohmann & von der Lieth, [2003](#bib410){ref-type="ref"}). GlycoSearchMS (<http://www.dkfz.de/spec/glycosciences.de/sweetdb/ms/>) compares each peak in a mass spectrum with calculated fragments from all structures in the SweetDB database and the best matches are displayed (Lohmann & von der Lieth, [2004](#bib411){ref-type="ref"}). Constituent monosaccharides can be obtained from the program GlycoMod (<http://www.expasy.ch/>) as demonstrated by Ma et al. ([2003a](#bib422){ref-type="ref"}) to assign compositions to *N*‐glycans released from the glycoprotein rat selenoprotein P. Reviews of available databases relating to glycomics have been published (von der Lieth, [2004a](#bib701){ref-type="ref"},[b](#bib702){ref-type="ref"}).

STUDIES ON SPECIFIC CARBOHYDRATE TYPES {#sec1-8}
======================================

Polysaccharides {#sec2-18}
---------------

Work in this area is summarized in Table [1](#tbl1){ref-type="table"}. A comparison of the behavior of dextrans in positive and negative ion MALDI has shown the expected formation of \[M + Na\]^+^ ions in positive mode whereas the negative ion spectra contained ions at \[M‐1‐120\]^−^ as the result of fragmentation. Under ESI conditions on a Shimadzu‐Kratos SEQ instrument, positive ionization again produced \[M + Na\]^+^ ions but with a bias towards the lower masses. The negative ion spectra were dominated by extensive A‐type fragment ions. MALDI was reported to be more sensitive than ESI but ESI was more useful for structural studies (Cmelík, Stikarovská, & Chmelík, [2004](#bib103){ref-type="ref"}). Comparisons of fragmentation modes for the \[M + Na\]^+^ ions from these compounds have shown that, whereas PSD, ISD, and CID all produced glycosidic cleavages, only ISD and CID produced significant cross‐ring cleavage. Localization of the charge to the reducing terminus by formation of a 1‐phenyl‐3‐methyl‐5‐pyrazolone derivative (see **1/61**) restricted cleavage to the non‐reducing terminus (Bashir et al., [2004](#bib43){ref-type="ref"}).

###### 

Use of MALDI MS for examination of carbohydrate polymers from plants, fungi, and lichens

![](MAS-28-273-g027){#nlm-graphic-51}

\(1\) Instrument (matrix) other technique, sample (derivative).
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### Polysaccharides from Plants {#sec3-4}

The β‐[d]{.smallcaps}‐fructan (inulin; for fructose, see **1/16**) from dahlia tubers and glucose syrup from potatoes, together with similar polysaccharides from red onion and Jerusalem artichokes, were used as reference compounds by Stikarovská and Chmelík ([2004](#bib638){ref-type="ref"}) to evaluate the best matrices for these compounds. Linear‐MALDI‐TOF analysis gave stronger signals than reflectron‐TOF; DHB was found to be the best matrix for starch and THAP for inulin. Less effective matrices were CHCA, HABA, 3‐aminoquinoline (3‐AQ, **1/24**) and sinapinic acid (**1/48**). Depolymerization of most of these very large molecules is necessary before MALDI analysis. Enzymatic treatment is usually used (details in Table [1](#tbl1){ref-type="table"}) but heat treatment is also common. Acetylation of glucuronoxylans and glucomannans has received considerable attention (Table [1](#tbl1){ref-type="table"}) with some evidence of acetyl group migration during depolymerization (Kabel et al., [2003](#bib289){ref-type="ref"}). Acetylated glucuronoxylans and glucomannans have been recovered from flax shive following hydrothermal treatment but in this case, acetyl migration was not reported (Jacobs et al., [2003](#bib276){ref-type="ref"}). Acetylation has also been found on the mannose residues of glucomannans from birch and aspen wood and appear to be randomly distributed (Teleman et al., [2003](#bib668){ref-type="ref"}). MALDI‐TOF spectra from these two papers consisted of an extensive series of peaks with a mass separation of 42 units (masses up to 5,500) but considerable simplification was found after deacylation.

Fernández et al. ([2003](#bib157){ref-type="ref"}) have examined arabinoxylans from wheat by MALDI and ESI mass spectrometry and detected structures with up to 22 monosaccharide residues. As arabinose (**1/2**) and xylose (**1/3**) are isobaric, it was not possible to study the distribution of arabinose residues along the xylose backbone. However, this problem was overcome by permethylation; arabinose residues attracted three methyl groups, unsubstituted internal xylose residues, two and substituted residues one group.

### Synthetic (Modified) Polysaccharides {#sec3-5}

Matrix‐assisted laser desorption/ionization (MALDI) conditions for determination of the substitution patterns in methyl‐ (Momcilovic et al., [2003b](#bib465){ref-type="ref"}) and carboxymethyl‐cellulose (Momcilovic et al., [2003a](#bib464){ref-type="ref"}) have been evaluated. Depolymerization was achieved both by use of enzymes or acid and the products fractionated by size‐exclusion chromatography (SEC). DHB, CHCA, HABA and indoleacrylic acid (IAA, **3/5**) were tested as matrices for methylcellulose but little difference was found between them. The choice of solvent, however, did have a significant effect, probably due to differential solubility of the variously methylated compounds. Measurements on two acid‐depolymerized samples of methylcellulose with different degrees of substitution gave values that agreed well with the data supplied by the manufacturers. However, data from the carboxymethyl‐celluloses was less satisfactory even though samples with different degrees of substitution could easily be distinguished from each other.

A method has been published for detecting hydroxyethyl starch in urine. The compound is used as a plasma volume expander by athletes and has been banned by the International Olympic Committee. Partial acid hydrolysis of urine was carried out with TFA and the product was examined directly by MALDI‐TOF using super‐DHB (s‐DHB). The method was claimed to provide unambiguous identification in only 90 min (Gallego & Segura, [2004](#bib174){ref-type="ref"}).

### Cyclodextrins and Related Compounds {#sec3-6}

Of the matrices DHB, *nor*‐harmane (**1/35**), CHCA, HABA, IAA, and sinapinic acid, DHB and *nor*‐harmane were found by Xiong et al. ([2003b](#bib747){ref-type="ref"}) to give the strongest and best resolved spectra from macrocyclic polysaccharides containing from 19 to 25 sugar residues. Sinapinic acid gave a very weak signal and was only recorded in linear mode. The liquid matrix, CHCA/3‐AQ/glycerol also gave a strong and long‐lasting signal but with inferior resolution. Addition of alkali metal salts produced the expected adducts.

A glass slide containing a UV absorbing TiO~2~ sol--gel film from which imprinted α‐cyclodextrin (CD (cyclic‐(1 → 4)‐α‐[d]{.smallcaps}‐glucose)~6~, **24**) molecules had been removed has been used to selectively adsorb α‐CD from a mixture of α‐, β‐, and γ‐CD. The α‐CD was detected directly by MALDI‐MS without the addition of extra matrix (Chen & Chen, [2004](#bib88){ref-type="ref"}). chemical structure image

Experiments with α‐, β‐, and γ‐cyclodextrins have shown that the larger molecules have greater affinity for larger alkali metals suggesting that the products are inclusion complexes that can be ionized intact. Sinapinic acid was used as the matrix and under these conditions, dextran, a linear polymer, produced only \[M + H\]^+^ ions (Bashir et al., [2003a](#bib41){ref-type="ref"}). Inclusion complexes with cyclodextrins have recently been used to investigate the composition of humic acids from Antarctica. The structure of humic acids is still largely unknown even though they are widely distributed in nature. Gajdošová et al. ([2003](#bib172){ref-type="ref"}) recorded the MALDI spectra of humic acids with and without γ‐cyclodextrin and found that several constituents appeared to form inclusion complexes. Thus, for example, a shift in the cyclodextrin peak by 66.0 mass units after addition of humic acid from a standard soil sample was interpreted as consistent with inclusion of a cyclopentadiene radical (C~5~H$\,_{\text{6}}^{\text{+}}$). Results from the soils from Antarctica were similar. MALDI spectra were recorded without a matrix to simplify the spectra. An investigation of the mechanism of the well‐known migration of alkyl‐silyl groups from the two‐ to the three position in cyclodextrins has shown that the receiving oxygen is that from the same ring as the migrating silyl group and not to the adjacent ring (Teranishi & Ueno, [2003](#bib674){ref-type="ref"}).

### Other Polysaccharides {#sec3-7}

Matrix‐assisted laser desorption/ionization (MALDI) sample preparation protocols for examination of Curdlan ((( → 3)‐β‐[d]{.smallcaps}‐Glc‐(1 → ))~n~, **25**), a polyglucose obtained from the bacterium *Alcaligenes faecalis* var. *myxogenes* 10C3, have been reported. The crude sample was separated into a low molecular weight, water‐soluble portion and a high‐molecular weight, water‐insoluble portion. The low molecular weight portion was examined from DHB containing ammonium fluoride and gave two low‐mass (\<4 kDa) polysaccharide distributions differing by 16 Da. The high molecular weight, water‐insoluble portion was found to produce good signals from a mixture of DHB and 3‐AQ in dimethylsulfoxide (DMSO) that was dried on a hot‐plate at 70°C. Ions with masses of up to 15,000 were observed (Chan & Tang, [2003](#bib85){ref-type="ref"}). Spectra of extracellular polysaccharides from the colony‐forming prymnesiophyte algae *Phaeocystis globosa* and *P. antarctica* showed peaks of less than 1,000 Da, some of which had a repeat pattern of 192 Da but the monosaccharide units were not identified (Solomon et al., [2003](#bib630){ref-type="ref"}). chemical structure image

Supplementation of a pre‐term formula with a mixture of galacto‐ and fructo‐oligosaccharides with a molecular weight range similar to that of carbohydrates found in human milk as determined by MALDI‐TOF analysis has been found to have a stimulating effect on the growth of bifidobacteria in the intestine and results in more frequent produced and softer stools. Thus, prebiotic mixtures such as the studied oligosaccharide mixture might help in improving intestinal tolerance to enteral feeding in pre‐term infants (Boehm et al., [2003](#bib56){ref-type="ref"}).

Glycoproteins {#sec2-19}
-------------

### Intact Glycoproteins {#sec3-8}

It is unusual for all but the simplest, low mass glycoproteins to produce MALDI‐TOF spectra with resolved glycoforms but broad peaks and significant mass differences between observed and calculated protein masses for larger glycoproteins suggest glycosylation. Thus, epoetins (erythropoietins), with several glycosylation sites occupied by sialylated complex glycans, produced only broad peaks with masses in the range of 30--35 kDa and half‐height peak widths of up to 5 kDa when examined by MALDI‐TOF (Stanley & Poljak, [2003](#bib635){ref-type="ref"}). Deglycosylation, however, produced sharp peaks from the protein with only minimal tailing. Human follistatin expressed in CHO cells has two *N*‐linked glycosylation sites at Asn‐95 and 259. Its MALDI spectrum contained three peaks; the first at *m*/*z* 31,525 corresponded to the unglycosylated protein and the other two at *m*/*z* 33,804 and 35,600 were produced by unresolved glycopeptides. LC/MS analysis identified nine complex glycans (Hyuga et al., [2004](#bib261){ref-type="ref"}). Several partially resolved peaks from 52 to 55.5 kDa suggest glycosylation of human β‐secretase catalytic domain, confirmed as *N*‐linked by digestion with PNGase F (Wang et al., [2004b](#bib713){ref-type="ref"}). Reduction in mass of 1.4 kDa of a humanized anti‐HBs Fab fragment by treatment with Endo‐H gave a mass that was still 3.7 kDa above that of the protein. The authors speculated that the extra mass might indicate *O*‐linked glycosylation but no proof was provided (Ning et al., [2003a](#bib494){ref-type="ref"}). Similarly, a reduction in the mass of approximately 4.5 kDa of a lysosomal serine carboxypeptidase from *Trypanosoma cruzi* following Endo‐H treatment suggested the presence of two to three *N*‐linked glycans (Parussini et al., [2003](#bib527){ref-type="ref"}). Other carbohydrates detected by mass‐difference measurements of proteins before and after deglycosylation include GlcNAc in Cu/Zn‐superoxide dismutase from fungus *Humicola lutea* 103 (Dolashka‐Angelova et al., [2004b](#bib135){ref-type="ref"}) and the high‐mannose glycan Man~10~GlcNAc~2~ in ovotransferrin expressed in *Pichia pastoris* (Mizutani et al., [2004](#bib460){ref-type="ref"}).

Matrix‐assisted laser desorption/ionization (MALDI) analysis is also useful for detecting the absence (Perteguer et al., [2004](#bib545){ref-type="ref"}) or modification of glycosylation. Thus, the mass of human transferrin produced in insect (*Drosophila melanogaster* S2) cells is consistent with lack of sialic acids on its *N*‐glycans (Lim et al., [2004](#bib401){ref-type="ref"}).

### *N*‐Linked Glycans {#sec3-9}

#### Analysis of derived glycopeptides and site occupancy {#sec4-1}

Although *N*‐linked glycans have long been known to attach to a consensus sequence consisting of an Asn‐Xxx‐Ser(Thr) motif, where Xxx can be any amino acid except proline, evidence is now emerging that Asn‐Xxx‐Cys can also act as a motif. Satomi, Shimonishi, and Takao ([2004](#bib600){ref-type="ref"}) have identified a third site based on this motif, occupied by approximately 2% of the glycosylation, in human transferrin.

Proteolysis, usually with trypsin, to localize each consensus sequence site to an individual glycopeptide is the classical method for determination of the glycosylation at each site. Detection of glycopeptides by HPLC following proteolysis is often difficult because of effects such as signal suppression. Monitoring of oxonium ions (163 for hexose, 204 for GlcNAc, etc.) is a standard method for tracking the glycopeptides and has been extended to monitoring with an ion trap mass spectrometer by generating them in the ion‐source region (Sullivan, Addona, & Carr, [2004](#bib648){ref-type="ref"}). Peptide masses were confirmed by MALDI‐TOF MS after desalting with C18 ZipTips. A method for predicting peptide retention times in reversed‐phase HPLC has been published (Krokhin et al., [2004b](#bib351){ref-type="ref"}) following examination of 346 tryptic peptides and deglycosylated glycopeptides identified by MALDI‐TOF MS from 17 proteins. Glycopeptides eluted slightly earlier than their deglycosylated versions. Liu, Feasley, and Regnier ([2004](#bib406){ref-type="ref"}) have evaluated the technique of diagonal chromatography which involves comparisons of HPLC chromatograms run under identical conditions before and after enzymatic removal of the glycans and have concluded that, although the technique worked well for detection of protein phosphorylation, retention times of the glycopeptides and derived peptides, identified by MALDI‐TOF MS, were too similar for diagonal chromatography to be a reliable technique for detecting glycopeptides. MALDI‐TOF MS has the advantage over ESI‐MS for the detection of glycopeptides in that the spectra usually only contain singly charged ions unlike ESI with its tendency to produce multiply charged ions. Glycopeptides are often revealed in MALDI profiles by their relatively high mass and by peak spacing corresponding to monosaccharide residues (e.g., 162 for hexose) (Krokhin et al., [2004a](#bib350){ref-type="ref"}).

Rather than attempt detection of glycopeptides in the presence of peptides, some investigators employ fractionation techniques to isolate the glycopeptides before mass spectrometric analysis. For example, Wada et al. ([2004](#bib707){ref-type="ref"}) have developed a method whereby glycoproteins are reduced and alkylated, cleaved with trypsin and lysylendopeptidase and partitioned with cellulose or Sepharose to bind the glycopeptides. The isolated glycopeptides could then be examined by LC or linear MALDI‐TOF. MS/MS in an ion‐trap‐TOF instrument provided peptide fragments for protein identification and carbohydrate ladders that gave information on the glycan composition. The method was applied to transferrin, IgG and β~2~‐glycoprotein 1. A method has been reported for identification and quantification of *N*‐linked glycoproteins following their specific immobilization on a solid support (Zhang et al., [2003a](#bib777){ref-type="ref"}). *Cis*‐diol groups in the carbohydrate were oxidized with periodate to aldehydes allowing the carbohydrate to be captured by hydrazide chemistry. The protein was then cleaved with trypsin or another suitable enzyme and the resulting peptides were released with PNGase F for analysis by MALDI or ESI mass spectrometry. Deuterium labeling of the peptide with succinic anhydride allowed quantitative studies to be made.

The frequent absence of glycopeptides in LC/MS analyses has been used to advantage in indicating which peptide might be glycosylated. Thus, peptides containing the consensus *N*‐glycosylation sites at Asn‐142, 173, and 178 were not observed by Hambrock et al. ([2004](#bib212){ref-type="ref"}) from the tryptic digest of the recombinant protein TSC‐36/Flik expressed in human cells suggesting that these sites were glycosylated.

An et al. ([2003b](#bib14){ref-type="ref"}) have used pronase to digest two well‐characterized glycoproteins and found that steric factors prevented complete digestion in the region of the glycosylation site leaving the carbohydrate attached to a short peptide. *N*‐glycan masses were obtained by MALDI‐FT MS from a separate experiment involving glycan removal by PNGase F and subtracted from those of the glycopeptides to obtain the peptide mass and, hence, its structure. The method was claimed to be more rapid that the traditional method of proteolysis and the results easier to interpret because no large peptides appeared in the final sample. The method was applied to the study of site heterogeneity of *Xenopus laevis* egg cortical granule lectin.

Asn to Asp conversion after PNGase digestion effectively labels the percentage of a given site that is occupied and is detected by a mass difference of one unit. The technique has been used, for example, to show glycosylation in 10 of the 11 consensus sequence sites of the SU component of avian sarcoma/leukosis virus envelope glycoprotein (Kvaratskhelia et al., [2004](#bib359){ref-type="ref"}) and to identify occupied glycosylation sites in membrane‐bound glycoproteins. Normally this latter task is difficult because 2D sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS--PAGE) gels are ineffective in separating these compounds. To overcome the problem, the proteins were solubilized in guanidine--HCl, digested with trypsin and the glycopeptides were recovered by lectin binding. Following removal of the *N*‐glycans with PNGase F, the peptides with the Asn to Asp conversion were detected by MALDI‐Q‐TOF MS (Fan et al., [2004](#bib151){ref-type="ref"}). Investigations of the spike glycoprotein from the SARS virus have revealed four occupied and one unoccupied *N*‐linked sites by molecular weight measurements made before and after glycan removal by PNGase F and by observing the Asn to Asp conversion (Ying et al., [2004](#bib760){ref-type="ref"}). In a similar experiment, digestion of the glycoprotein N‐CAM with AspN and trypsin resulted in the identification of glycopeptides, each containing a single glycosylation site. They were separated by HPLC and analyzed by MALDI‐TOF MS. Five of the six sites were identified but glycopeptides from site Asn‐4 were missing. This site was eventually characterized by a direct MALDI‐FTICR analysis of the glycopeptides released in‐gel by trypsin (Albach et al., [2004](#bib7){ref-type="ref"}). Incorporation of ^18^O into the aspartic acid from H$\,_{\text{2}}^{\text{18}}$O can be used to label the newly produced aspartic acid and was used by Barinka et al. ([2004](#bib39){ref-type="ref"}) to identify and confirm glycosylation on each of the 10 consensus sequence sites of glutamate carboxypeptidase II.

#### *N*‐Linked glycan composition from glycopeptide analysis {#sec4-2}

Measurement of glycan masses directly or by subtraction of the mass of the peptide from those of glycopeptides leads directly to the constituent isobaric monosaccharide composition as illustrated by a recent study of *N*‐glycan masses from the androgenic hormone of *Porcellio scaber* (Crustacea) (Grève et al., [2004](#bib202){ref-type="ref"}). Sometimes, with large glycopeptides, peaks are poorly resolved but can often be improved by chemical treatments. Thus, for example, the core fragment of human luteinizing hormone gave a broad, poorly resolved peak (*m*/*z* 8,700--10,700) when examined from sinapinic acid with a linear TOF instrument (Jacoby, Kicman, & Iles, [2003](#bib277){ref-type="ref"}). The compound consisted of two peptide chains, only one of which was glycosylated, linked with four disulfide bonds. These bonds were reduced on the MALDI target with dithiothreitol (DTT) to give a more fully resolved envelope of peaks from which the *N*‐linked glycan composition was deduced by subtraction of the peptide masses.

#### Glycan release {#sec4-3}

Most structural determinations of these compounds are performed on released glycans. Experimental details for chemical and enzymatic release of *N*‐glycans have been described (Merry & Astrautsova, [2003](#bib452){ref-type="ref"}). Release with PNGase F (or PNGase A if the glycans contain fucose in α‐(1 → 3)‐linkage to the core GlcNAc) or hydrazine are the preferred enzymatic and chemical release methods respectively. No new chemical release techniques or modifications were found during the review period reflecting the increasing popularity of enzymatic release, particularly with PNGase F. Additionally, PNGase F release is not accompanied with the potential hazards of hydrazine. However, there is some controversy as to whether this enzyme releases all glycans, particularly from larger glycoproteins. Thus, it has been shown not to release Glc~1~Man~9~GlcNAc~2~ (**28**) from arylophorin under non‐denaturing conditions (Kim et al., [2003](#bib326){ref-type="ref"}) and, in addition, Reinhold et al. (Zhu et al., [2004a](#bib787){ref-type="ref"}) assert that PNGase F fails to release a subset of glycans from *C. elegans* and thus use hydrazine. Artifacts detected by MALDI‐TOF analysis after in‐gel release with PNGase F have included glycans with urea attached to the reducing terminus (Omtvedt et al., [2004](#bib513){ref-type="ref"}) as the result of its inclusion in an earlier procedure for glycoprotein purification. Deglycosylation with trifluoromethanesulfonic acid, a method that leaves the protein intact for further study has been reviewed (Edge, [2003](#bib142){ref-type="ref"}).

chemical structure image chemical structure image chemical structure image

#### Applications of MALDI MS to the detailed structural determination of *N*‐linked glycans {#sec4-4}

The ability to carry out the classical method of exoglycosidase sequencing by performing the digestions on the MALDI target, with DHB as the matrix, has been demonstrated by Morelle and Michalski ([2004](#bib468){ref-type="ref"}) using the well‐studied glycoproteins α1‐antitrypsin and ribonuclease B. Gutternigg et al. ([2004](#bib210){ref-type="ref"}), however, preferred ATT as the matrix because of its neutrality.

A large number of studies have been conducted on the structural determination of *N*‐glycans from isolated glycoproteins and from intact organisms or tissues; these are summarized in Tables [2](#tbl2){ref-type="table"} and [3](#tbl3){ref-type="table"} respectively. Among the more unusual glycosylations to have been reported are the presence of Glc~1~Man~9~GlcNAc~2~ (**28**) in the insect *Antheraea pernyi* (Chinese oak silkworm) (Kim et al., [2003](#bib326){ref-type="ref"}), the presence of 3‐*O*‐Me‐galactose and 3‐*O*‐Me‐GlcNAc (bisecting GlcNAc) in biantennary glycans from the marine snail *Rapana venosa* (Dolashka‐Angelova et al., [2004a](#bib134){ref-type="ref"}) and 3‐*O*‐Me‐galactose and ‐mannose from high‐mannose glycans of the slug *Arion lusitanicus* (Gutternigg et al., [2004](#bib210){ref-type="ref"}). 3‐ and 6‐difucosylation have been found on the core GlcNAc residue of Man~3~GlcNAc~2~Fuc~2~ (**29**) from *Todarodes pacificus* (Japanese flying squid) together with attachment of a β4‐linked galactose to the 6‐linked fucose (**30**) (Takahashi et al., [2003b](#bib659){ref-type="ref"}). Paucimannosidic glycans with similar Gal‐β‐(1 → 4)‐Fuc and Gal‐β‐(1 → 4)‐Gal‐β‐(1 → 4)‐Fuc groups at the reducing‐terminal 6‐position have been found in keyhole limpet (*Megathura crenulata*) hemocyanin (Wuhrer et al., [2004c](#bib741){ref-type="ref"}). An unusual difucosylated core structure Man~3~GlcNAc~2~dHex~2~) in which one of the fucose residues is attached to a mannose residue has been reported as a constituent of phaiodactylipin (phospholipase A~2~) from scorpion *Anuroctonus phaiodactylus*) venom (Valdez‐Cruz, Batista, & Possani, [2004](#bib689){ref-type="ref"}). High‐mannose glycans including the first report of a glycan with a Gal‐β‐(1 → 6)‐Man moiety have been reported from keyhole limpet hemocyanin together with glycans with a Fuc‐α‐(1 → 3)‐GalNAc epitope which causes cross‐reactivity with *Schistosoma mansoni* glycans which share same epitope (Geyer et al., [2004](#bib185){ref-type="ref"}). Some *N*‐glycans from *C. elegans* and related organisms are substituted with phosphorylcholine (PC, **3/13**) which is thought to modulate the host immune response. Studies on their biosynthesis have shown that *C. elegans* microsomes transfer PC from [l]{.smallcaps}‐α‐dipalmitoylphosphatidylcholine (**31**) to both hybrid and complex *N*‐glycans containing GlcNAc (Cipollo et al., [2004a](#bib100){ref-type="ref"}). HL60 cells treated with the glucosidase inhibitor *n*‐butyl‐deoxynojirimycin (*N*B‐DNJ, **32**) produced a series of compounds with the structure of high‐mannose glycans but with only one GlcNAc residue as the result of cytosolic cleavage from misfolded glycoproteins that had been exported from the endoplasmic reticulum (Mellor et al., [2004b](#bib448){ref-type="ref"}). A novel trisulfated hybrid glycan containing a GlcA residue capping the Gal‐GlcNAc antenna has been identified from bovine myelin glycoprotein P0 (Yan, Kitamura, & Nomura, [2003](#bib755){ref-type="ref"}). chemical structure image chemical structure image chemical structure image chemical structure image
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Use of MALDI MS for examination of *N*‐glycans from specific glycoproteins (see also Table [10](#tbl10){ref-type="table"}, biopharmaceuticals)

![](MAS-28-273-g039){#nlm-graphic-71}

Wiley Periodicals, Inc.

This article is being made freely available through PubMed Central as part of the COVID-19 public health emergency response. It can be used for unrestricted research re-use and analysis in any form or by any means with acknowledgement of the original source, for the duration of the public health emergency.

###### 

Use of MALDI MS for examination of *N*‐glycans from intact organisms, tissues or protein mixtures
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#### Applications of MALDI MS to the study of *N*‐glycan function {#sec4-5}

The presence of *N*‐glycans on ribonuclease has been shown to reduce oligomerization (Gotte, Libonati, & Laurents, [2003](#bib196){ref-type="ref"}). Engineered follitropins containing variable numbers of *N*‐ and *O*‐linked glycosylation sites, expressed in CHO cells, have been used to show that increasing numbers of attached carbohydrates lengthened the elimination half‐life by up to twofold. Numbers of attached carbohydrates were estimated by MALDI‐TOF measurements on the intact glycoproteins (Weenen et al., [2004](#bib718){ref-type="ref"}). Gårdsvoll et al. ([2004](#bib179){ref-type="ref"}) have used site‐directed mutagenesis to remove the five *N*‐linked sites of soluble human urokinase receptor expressed in *Drosophila* S2 cells either individually or in various combinations and have shown than only when all glycans are removed was there an impaired level of secretion. Monitoring of the levels of glycosylation of the 35 kDa protein was made with MALDI‐TOF MS. Although there was incomplete resolution of the glycoforms, site occupation was clear by the appearance of peaks or shoulders coinciding with the calculated mass, assuming that the average mass of a glycan was 1,039 Da.

### *O*‐linked Glycans {#sec3-10}

*O*‐Linked glycans continue to receive less attention than their *N*‐linked counterparts, one factor being their tendency to occur in groups that make site analysis difficult. As with *N*‐linked glycans, much structural analysis is conducted on released glycans. A method for the identification of sites modified by *O*‐GlcNAc that relies on mild β‐elimination followed by Michael addition with dithiothreitol and known as BEMAD has been described (Wells et al., [2002](#bib723){ref-type="ref"}). The method was validated by mapping three previously identified *O*‐GlcNAc sites, as well as three novel sites, on Synapsin I purified from rat brain and on the Lamin B receptor and the nucleoporin Nup155.

#### Studies on intact glycoproteins and glycopeptides {#sec4-6}

Collision‐induced decomposition (CID) spectra of glycopeptides obtained by ESI from doubly charged ions frequently display prominent loss of the sugar moieties as the result of the labile protons. Czeszak et al. ([2004](#bib115){ref-type="ref"}) have used MALDI‐PSD on glycopeptides derivatized with a phosphonium group at the amino‐terminus and have shown that the resulting singly charged phosphonium ions and a‐type fragments retain the sugar. In contrast, when doubly charged ions were generated by proton addition, loss of the glycan was again seen. The method was claimed to be an effective alternative to electron‐capture dissociation (ECD) and was used to locate up to three GalNAc residues on the full tandem repeat peptide derived from the MUC5AC mucin. Kurogochi, Matsushita, and Nishimura ([2004](#bib357){ref-type="ref"}) have reported that LIFT‐TOF with DHB as the matrix is an ideal system for fragmenting glycopeptides (b and y series ions) and have used it to determine the *O*‐linked glycosylation sites in mucin‐type glycopeptides.

Up to six *O*‐linked glycosylation sites have been found in the hinge region of IgA1 from human serum (Tarelli et al., [2004](#bib666){ref-type="ref"}). Tryptic digestion yielded a 33‐mer glycopeptide that was examined by MALDI‐TOF MS from THAP/ammonium citrate. This matrix gave more highly resolved spectra than s‐DHB or CHCA; the CHCA spectrum, in particular, was very poorly resolved (Pouria et al., [2004](#bib555){ref-type="ref"}). Structural analysis was by exoglycosidase digestion (sialidase and galactosidase) and site analysis was performed on the degraded glycans by further cleavage with the endoproteases Glu‐C from *Staphyloccus aureus* and proteinase K from *Tritirachium album* (Tarelli et al., [2004](#bib666){ref-type="ref"}). MALDI‐TOF analysis of the stalk‐region glycopeptide (APTPVPPPTGTPRPL) from murine CD8 has shown that all three threonine residues are glycosylated with HexNAc. Four peaks were obtained and attributed to molecules containing 0--3 additional hexose residues (Merry et al., [2003](#bib453){ref-type="ref"}).

The 47 kDa portion of the 45/47 kDa glycoprotein from *Mycobacterium tuberculosis* expressed in *Streptomyces lividans* has been found to contain glycans on both the *N*‐ and *C*‐terminal tryptic peptide; MALDI‐TOF analysis showed from 0 to 9 hexose residues at the *N*‐terminus but the glycosylation site was not determined (Lara et al., [2004](#bib369){ref-type="ref"}). The 13‐amino acid‐containing peptide isolated from *Conus textile* contains a Gal‐GalNAc residue attached to threonine but with an unknown linkage between the sugar rings. MALDI‐TOF analysis of the products of a β‐galactosidase digest on a synthetic analogue containing the common β‐[d]{.smallcaps}‐Gal‐(1 → 3)‐α‐[d]{.smallcaps}‐GalNAc‐carbohydrate showed that the enzyme was unable to remove the galactose residue suggesting the presence of α1 → 3‐linked galactose and this was confirmed by subsequent NMR analysis (Kang et al., [2004](#bib302){ref-type="ref"}). Tryptic glycopeptides from surface glycoproteins of the hepatitis B virus were found by MALDI‐TOF MS and on‐target exoglycosidase digestion to be *O*‐glycosylated with Gal‐GalNAc or Neu5Ac‐Gal‐GalNAc. The *N*‐glycans were mainly biantennary complex (Schmitt et al., [2004a](#bib607){ref-type="ref"}).

#### Applications of MALDI to the structural determination of *O*‐linked glycans {#sec4-7}

Studies on the structural determination of *O*‐glycans from isolated glycoproteins and from intact organisms or tissues are summarized in Tables [4](#tbl4){ref-type="table"} and [5](#tbl5){ref-type="table"} respectively. Studies on some specific structural types are summarized below.
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Use of MALDI MS for examination of *O*‐glycans from specific glycopeptides
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###### 

Use of MALDI MS for examination of *O*‐glycans from intact organisms or tissues
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##### Mucins {#sec5-1}

The ability of MALDI MS to resolve complex mixtures of glycans has been utilized in studies of mucins from the jelly coats of amphibian eggs. Thus, three layers of the jelly coat from *X. laevis* have been shown to contain different but overlapping glycan structures; 40 neutral and 30 sulfated compounds were identified (Zhang et al., [2004b](#bib783){ref-type="ref"}) by HPLC (PGC column), MALDI‐FT‐ICR, CID and the "catalog‐library" approach of CID peak matching reported earlier (Tseng, Hedrick, & Lebrilla, [1999](#bib685){ref-type="ref"}). Thirty‐five neutral, sulfated and sialylated glycans have been identified from *X. tropicalis* by similar techniques combined with exoglycosidase digestion (Zhang et al., [2004a](#bib782){ref-type="ref"}). Sialylated glycans were stabilized by formation of methyl esters. Sulfated core‐2 and core‐4 glycans have been identified by MALDI‐TOF MS and NMR from respiratory mucins from a patient suffering from chronic bronchitis but, unlike the structures of glycans identified earlier from a cystic fibrosis patient (Lo‐Guidice et al., [1994](#bib409){ref-type="ref"}), these glycans contained no sialic acid (Degroote et al., [2003](#bib126){ref-type="ref"}). MALDI‐TOF data were recorded in negative ion mode and no loss of sulfate was reported. Human intestinal mucins show an acidic gradient along the intestinal tract which may explain the region‐specific colonization of the gut by various bacteria (Robbe et al., [2003b](#bib581){ref-type="ref"}). *O*‐Glycans of stomach mucosa have an antibacterial action against *Helicobacter pylori* by inhibiting biosynthesis of cholesteryl‐α‐[d]{.smallcaps}‐glucoside (identified by MALDI‐TOF MS), a major cell wall component (Kawakubo et al., [2004](#bib312){ref-type="ref"}).

##### Glycosaminoglycans (GAGs) {#sec5-2}

Methods for the analysis of hyaluronan and its fragments have been reviewed (Capila & Sasisekharan, [2004](#bib78){ref-type="ref"}).

*α. Unsulfated GAGs*. Hyaluronan oligomers ((( → 3)‐β‐[d]{.smallcaps}‐GlcNAc*p*‐(1 → 4)‐β‐[d]{.smallcaps}‐GlcA*p*‐(1 → ))~n~, **33**), with masses up to 8 kDa, obtained from hyaluronic acid by the action of bovine testicular hyaluronidase have been examined by electrospray and MALDI‐TOF MS. Electrospray showed the presence of oligomers with both odd and even numbers of sugar units whereas MALDI and high‐performance anion exchange chromatography (HPAEC) showed only even numbered oligomers. The discrepancy was traced to the electrospray ion source which was producing cone‐voltage fragmentation. It was recommended that for ESI studies of compounds of this type, the cone voltage be kept low and precisely controlled (Prebyl et al., [2003](#bib558){ref-type="ref"}). An LC/MS method for quantification of hyaluronic acid fragments in pharmaceutical preparations produced by the action of hyaluronate lyase from *Streptococcus agalactiae* has been reported, with negative ion MALDI‐TOF from DHB being used to record the glycan profiles of three fractions. The largest fraction showed peaks to 15 kDa (Kühn et al., [2003](#bib353){ref-type="ref"}). A model disaccharide, ΔUA--GlcNAc (10 mmol), derived from heparan sulfate by heparitinase enzyme digestion and bearing an unsaturated 4,5‐uronic acid (ΔUA) at the non‐reducing end has been adducted to mercuric acetate and the product characterized by MALDI‐TOF MS, confirming the formation of a mercury adduct (*m*/*z* calc. 639.9, obs. 640 with the expected spread of 6 mass units for Hg~198~ to Hg~204~, consistent with the production of a cyclic 4,5‐mercurinium intermediate (Skidmore et al., [2004](#bib628){ref-type="ref"}). chemical structure image

*β. Sulfated GAGs*. A common method for analysis of these glycans is the use of basic peptides for ion pairing as outlined in the earlier reviews in this series. Thus, for example, cleavage of heparin by controlled γ‐irradiation has produced fragments enriched in highly sulfated sequences which were examined by MALDI‐TOF MS using ion‐pairing with (Arg‐Gly)~19~‐Arg to stabilize the sulfates (Bisio et al., [2004](#bib50){ref-type="ref"}). Studies by MALDI‐TOF MS and HPLC of the serine protease inhibitor and its chondroitinase and hyaluronidase digestion products have shown that, in acute inflammation, its chondroitin‐4 sulfate chain is both longer and undersulfated compared with control glycoproteins (Capon et al., [2003](#bib79){ref-type="ref"}). Combined MALDI‐TOF and enzyme digestion have also been used by Kett and Coombe ([2004](#bib318){ref-type="ref"}) for GAG analysis.

### Studies Involving Both *N*‐ and *O*‐Linked Glycans {#sec3-11}

A method for simultaneous analysis of both *N*‐ and *O*‐linked glycans has been published by Robbe et al. ([2003a](#bib580){ref-type="ref"}). Glycans were released by non‐reductive β‐elimination using the ammonia‐based method described earlier by Huang, Mechref, and Novotny ([2001](#bib258){ref-type="ref"}) and labeled by reductive amination with either 2‐aminoacridone (AMAC, **1/58**) or 8‐aminonaphthalene‐1,3,6‐trisulphonic acid (ANTS, **34**). They were then separated by gel electrophoresis, the bands containing the glycans were excised and the derivatized glycans were extracted for analysis by MALDI and electrospray MS. Comparisons between the electrophoresis profiles from the AMAC (uncharged) and ANTS (charged) derivatives provided an indication of the charge state of the glycan. The method was designed mainly for profiling mucin glycans and was applied to porcine gastric mucin and bovine submaxillary mucin. chemical structure image

A popular method for the independent study of both *N*‐ and *O*‐glycosylation is to remove the *N*‐linked glycans with, for example, PNGase F and then examine the *O*‐glycosylation, either by further release using β‐elimination or by measurements on the glycopeptides obtained from the *O*‐linked region (Forno et al., [2004](#bib162){ref-type="ref"}; Trimble et al., [2004](#bib684){ref-type="ref"}). The well‐established differential hydrazinolysis method was used by Gervais et al. ([2003](#bib184){ref-type="ref"}) to study *N*‐ and *O*‐linked glycosylation of human recombinant chorionic gonadotropin allowing *O*‐linked glycans to be identified for first time.

### Function of *O*‐Linked Glycans {#sec3-12}

With the recent sequencing of several genomes, attention has become focused on how the complexity of higher organisms can be encoded by such a small number of genes. Post‐translational modifications and, in particular, glycosylation have emerged as important determinants of the control of biological systems. Lamarre‐Vincent and Hsieh‐Wilson ([2003](#bib365){ref-type="ref"}) have studied glycosylation of cyclic AMP‐responsive element‐binding protein, a transcription factor essential for long‐term memory and have shown the first link between *O*‐GlcNAc and information storage in the brain. *O*‐GlcNAc was detected by specific enzymatic radiolabeling with galactose from \[^3^H\]UDP‐galactose to the 4‐position of *O*‐GlcNAc. MALDI‐TOF analysis of the tryptic peptides was used to show that the enzyme was modified with two *O*‐GlcNAc residues.

Most organisms synthesize α‐linked‐polyglucans, such as glycogen, as an energy source when other reduced carbon compounds are insufficiently available but, to date, the method for the initiation of glycogen synthesis in prokaryotes has not been determined. In an attempt to rectify this gap in our knowledge, Albrecht et al. ([2004](#bib8){ref-type="ref"}) have produced the eukaryotic enzyme yeast glycogenin (Glg2p), a known initiator in fungi and animals, in *E. coli* and found it to be autocatalytically glucosylated at tyrosine residues 232 and 230 with from 4 to 25 glucose residues, as determined by MALDI‐TOF and MS/MS analysis. Further incubation with UDPglucose resulted in transfer of more than 36 additional glucose residues over 20 min as detected by MALDI‐TOF. In another study, the N‐terminal segment of potato X virus has been found to be glycosylated at the N‐terminus with galactose or fucose and that the presence of the sugar mediates the formation of a bound water shell on the virion surface (Baratova et al., [2004](#bib36){ref-type="ref"}).

### Glycoproteins and Disease {#sec3-13}

Glycan profiling by MALDI‐TOF MS for the detection of disease is gaining ground. For example, a new method has been developed for the extraction of the acute‐phase glycoprotein, α1‐acid glycoprotein from human serum and its *N*‐glycans have been compared in patients with inflammation or cancer and healthy controls. The disease states produced an increase in both the degree of branching and in the amount of fucosylation (Kremmer et al., [2004](#bib347){ref-type="ref"}; Szöllosi et al., [2004](#bib654){ref-type="ref"}). The amounts of fucosylated bi‐, tri‐, and tetra‐antennary glycans were also found to increase at the expense of unfucosylated triantennary glycans in this glycoprotein in patients with acute inflammation (Higai et al., [2003a](#bib237){ref-type="ref"}). Sialylated glycans were stabilized for MALDI‐TOF analysis by formation of methyl esters. The same stabilization method was used by Flahaut et al. ([2003](#bib161){ref-type="ref"}) in a study on the effect of ethanol on transferrin glycosylation in chronic alcoholics has revealed patient‐dependent differences in both the level of sialylation and in the number of glycans attached to the molecule, possibly accounting for the controversial use of transferrin glycosylation as a marker for chronic ethanol consumption.

#### Detection of cancer biomarkers {#sec4-8}

*N*‐glycans from normal human pancreatic cells consist mainly of complex biantennary structures with small amounts of tri‐ and tetra‐antennary compounds and larger compounds with poly‐*N*‐acetyllactosamine extensions and extensive fucosylation (up to five fucose residues and eight Gal‐GlcNAc units as detected by MALDI‐TOF MS). Glycans from ribonuclease extracted from pancreatic adenocarcinoma tumor cells, on the other hand, contain fucosylated hybrid structures and biantennary glycans whose antennae terminated in GalNAc, thus providing a potential diagnostic test for the adenocarcinoma (Peracaula et al., [2003a](#bib538){ref-type="ref"}). MALDI‐TOF analysis gave much better resolution of the large glycans than could be obtained by HPLC. Altered glycosylation has also been found associated with prostate cancer; glycans from prostate‐specific antigen (PSA) contained increased amounts of fucose and GalNAc in the antennae, again indicating a possible diagnostic test (Peracaula et al., [2003b](#bib539){ref-type="ref"}). Another study found increased amounts of α‐(2 → 3)‐linked sialic acid in human poly‐sialic acid (PSA) suggesting that differential binding to *Maackia amurensis* agglutinin lectin could be used to differentiate prostate cancer from benign prostate hypertrophy (Ohyama et al., [2004](#bib507){ref-type="ref"}). Masses of some sialylated glycans were reported from linear MALDI‐TOF spectra but most measurements were made on neutral glycans following linkage‐specific removal of sialic acid. Increased fucosylation has also been found in *N*‐linked glycans from human hepatoma (Higai et al., [2003b](#bib238){ref-type="ref"}) and melanoma (Ciolczyk‐Wierzbicka et al., [2004](#bib99){ref-type="ref"}) cell lines and a reduction in the concentration of fucosylated glycoproteins has been found in dogs undergoing treatment for lymphosarcoma (Xiong, Andrews, & Regnier, [2003a](#bib746){ref-type="ref"}). An extensive study of the *N*‐ and *O*‐glycosylation of the human ovarian tumor marker CA125 has been reported. The bi‐, tri‐, and tetra‐antennary glycans were identified by MALDI‐TOF, MS/MS and FAB mass spectrometry as permethylated derivatives coupled with exoglycosidase digestion (Wong et al., [2003](#bib733){ref-type="ref"}). Highly processed glycans have also been found on the breast tumor marker protein, gross cystic disease fluid protein‐15, than on the same protein from healthy controls (Caputo et al., [2003](#bib80){ref-type="ref"}). Glycans were again examined as permethylated derivatives but, this time, by surface‐enhanced laser desorption/ionization (SELDI) mass spectrometry. MUC1 glycoprotein is overexpressed in breast cancer and *O*‐Glycans have been shown to control proteolysis by preventing proteolysis of the Thr3‐Ser4 bond if either amino acid is glycosylated (Hanisch et al., [2003](#bib217){ref-type="ref"}). Tetrasialylated‐tetra‐antennary glycans carrying a β1 → 6 antenna appear to be associated with the development of cancer metastases as demonstrated by studies on integrins from metastatic and non‐metastatic human melanoma cell lines (Pochec et al., [2003](#bib551){ref-type="ref"}). MALDI‐TOF profiles were obtained following in‐gel glycan release using the method described by Küster et al. ([1997](#bib358){ref-type="ref"}) as modified by Hoja‐Lukowicz et al. ([2000](#bib244){ref-type="ref"}). Bi‐ and tri‐antennary glycans have been identified attached to human chorionic gonadotropin produced in a choriocarcinoma cell line (JEG‐3); the biantennary glycans, which were useful markers, were unusual in having a branched 3‐antenna (**35**) rather than carrying both unbranched 3‐ and 6‐antenna (Takamatsu et al., [2004](#bib660){ref-type="ref"}). The structure was confirmed by MALDI‐TOF analysis of exoglycosidase digestion products with an α‐mannosidase digestion following β‐galactosidase digestion to confirm the presence of the exposed mannose residue on the 6‐antenna. The study illustrates the danger of assigning structures directly by matching masses with those from a database or by using only the usual exoglycosidase sequence of β‐galactosidase followed by *N*‐acetylhexosaminidase which would incorrectly have suggested a normal biantennary structure such as **23**. chemical structure image

#### Congenital diseases of glycosylation {#sec4-9}

Matrix‐assisted laser desorption/ionization‐time‐of‐flight (MALDI‐TOF) analysis of both the *N*‐glycans released from tryptic peptides and of the peptides themselves has shown that the asparagine residues of α1‐antitrypsin in patients suffering from congenital disorder of glycosylation (CDG) type I (deficiency in the initial protein glycosylation by Glc~3~Man~9~GlcNAc~2~, **36**) are preferentially glycosylated in the order Asn‐46 \> 247 \> 83 (Mills et al., [2003a](#bib455){ref-type="ref"}). Asparagine occupation was measured by observing the extent to which it was converted to aspartic acid during glycan removal by the enzyme PNGase F. In a newly characterized disorder, CDG‐1i, MALDI‐TOF and HPLC were used to show that some of the *N*‐glycans on fibroblasts consisted only of Man~1~GlcNAc~2~ and Man~2~GlcNAc~2~ (Thiel et al., [2003](#bib676){ref-type="ref"}). Analysis by MALDI‐TOF and HPLC of serum glycoproteins from several patients with CDG type II syndromes (defective glycan processing) has been used to identify several enzyme defects. One patient was characterized with a mannosidase‐III deficiency that prevented biosynthesis of complex glycans as the result of failure to remove residual mannose residues from the 6‐antenna. The predominant hybrid glycan **37** was characterized by CID using a MALDI‐Q‐TOF instrument (Butler et al., [2003](#bib74){ref-type="ref"}). α‐Mannosidase deficiency causes accumulation of mannose‐containing oligosaccharides (released from *N*‐glycans) in various tissues but the disease has been successfully treated by enzyme replacement therapy. Residual glycans were monitored in this study by MALDI‐TOF MS (Roces et al., [2004](#bib582){ref-type="ref"}). A GlcNAc‐transferase‐II deficiency in another patient in the study by Butler et al. prevented elaboration of the 6‐antenna and resulted in the same biantennary glycans with a branched 3‐antenna (**35**) as observed in the choriocarcinoma cell line (JEG‐3) discussed above. In this case, however, the glycan was identified by negative ion MS/MS. Mass spectrometric methods for elucidating the pathogenesis of CDG type IIx have been reviewed with examples of transferrin and α1‐antitrypsin glycosylation (Mills et al., [2003b](#bib456){ref-type="ref"}). chemical structure image chemical structure image

#### Other diseases {#sec4-10}

The hinge region of IgA1 has been shown by MALDI‐TOF MS to be under‐*O*‐glycosylated in patients with IgA neuropathy (Horie et al., [2003a](#bib249){ref-type="ref"}). As upper respiratory tract infection often precedes hematurea and proteinurea in these patients, Horie et al. ([2003b](#bib250){ref-type="ref"}) have investigated the effect of tonsillectomy and steroid treatment and found that they produce increases in the extent of IgA *O*‐glycosylation. Again, analysis was by MALDI‐TOF with s‐DHB as the matrix. A method has been reported for detection of the biomarker, serum amyloid component, in human plasma or urine. Extraction was by monoclonal antibody binding and analysis by MALDI‐TOF MS from sinapinic acid. Several new, desialylated compounds were detected from three individuals (Kiernan et al., [2004](#bib325){ref-type="ref"}). Krokhin et al. ([2003](#bib349){ref-type="ref"}) have identified, in a preliminary study, several high‐mannose and complex *N*‐glycans from the spike protein of the SARS virus taken directly from patients. The compounds were identified mainly with the aid of MS/MS on a Q‐TOF instrument.

Glycated Proteins (Non‐Enzymatic Attachment of Sugars) {#sec2-20}
------------------------------------------------------

Work with these compounds usually involves analysis of intact proteins that are modified with chemically attached glycan residues and are ideal subjects for the high mass resolving ability of MALDI‐TOF instruments. Analysis of β‐lactoglobulin glycation products formed from lactose and galactose has revealed lysine as the main binding site with additional binding at the amino‐terminal leucine residue and at Arg‐124. MALDI‐TOF analysis was found to be more efficient than LC/ESI‐MS for locating the binding sites (Fenaille et al., [2004](#bib156){ref-type="ref"}). MALDI‐TOF has, for the first time, enabled kinetic data to be obtained on defined glycation products from specific sites of a glycated protein. Thus, lysozyme was incubated with [d]{.smallcaps}‐glucose for 1, 4, 8, or 16 weeks in phosphate‐buffered saline, digested with endoproteinase Glu‐C and the C‐ and N‐terminal peptides were used for the relative quantification of the initial Amadori product, *N* ^ε^‐(carboxymethyl)lysine (**38**) and an imidazolone (**39**) formed from arginine (Kislinger et al., [2003](#bib328){ref-type="ref"}). The preferred glycation sites in human serum albumin (HSA) have been determined as lysines 233, 276, 378, 525, and 545 following incubation of HSA with glucose, enzymatic digestion of the protein with either trypsin or endoproteinase Lys‐C, and examination of the resulting glycated peptides by LC/MS/MS and MALDI‐TOF from CHCA (Lapolla et al., [2004a](#bib367){ref-type="ref"}). Glycation of casein by glucose, fructose or ribose has been characterized and shown not to affect its protective effects on human intestinal Caco‐2 cells (Jing & Kitts, [2004](#bib285){ref-type="ref"}). A study of 20 Type 2 diabetic patients and 10 controls have shown that complications of diabetes are associated with a higher concentration of glyco‐oxidized variants of globin than observed in controls or patients without complications (Lapolla et al., [2004b](#bib368){ref-type="ref"}). chemical structure image chemical structure image

Several other studies on advanced glycation end products (AGEs) have been reported. Yamada et al. ([2004](#bib750){ref-type="ref"}) have synthesized a collagen model peptide and subjected it to glycation with glucose, ribose and glyoxal (**40**). A dimeric peptide linked glyoxal‐lysine dimer (**41**) was isolated and identified by MALDI‐TOF as the first example of an intact glycation‐derived dimer. The same technique has been used to show that methylglyoxyl, produced during the Maillard reaction binds to Arg‐184 and Arg‐185 located within the binding site of bovine glutathione peroxidase and to deactivate the enzyme, resulting in an increase in the intracellular peroxidases responsible for oxidative cellular damage (Park et al., [2003b](#bib526){ref-type="ref"}). AGEs from ribose were formed more rapidly when incubated with bovine serum albumin (BSA) than those from glucose or fructose as measured by binding to AGE receptors (Valencia et al., [2004](#bib690){ref-type="ref"}). The use of in‐house‐developed PERL script software has been used to identify and localize AGEs on β~2~‐microglobulin (Cocklin et al., [2003](#bib104){ref-type="ref"}; Zhang et al., [2003d](#bib780){ref-type="ref"}). The program identifies masses, measured by MALDI‐TOF MS that correspond to those of peptides with an AGE modification. In other studies, the AGEs *N* ^ε^‐(carboxymethyl)‐lysine, imidazolone A (**42**) and B (**43**), pyrraline (**44**) and 1‐alkyl‐2‐formyl‐3,4‐glycosyl pyrrole (**45**) have been found on the type 2 ryanodine receptor calcium‐release channel, accounting for decreased cardiac contractility in diabetes (Bidasee et al., [2003](#bib49){ref-type="ref"}). The soluble AGE receptor (sRAGE), a member of the immunoglobulin superfamily, has been characterized from mouse and its *N*‐glycosylation identified by MALDI‐TOF MS (Hanford et al., [2004](#bib216){ref-type="ref"}). In another study, measurements of protein molecular weights have added support to the conclusion that Amadori decomposition pathways are constrained in the presence of metal ion chelators and radical traps (Culbertson et al., [2003](#bib112){ref-type="ref"}). chemical structure image chemical structure image chemical structure image chemical structure image chemical structure image

Although protein glycation is usually associated with pathology, as in the secondary effects of diabetes, the reaction is also involved in cooking where it changes the color (browning) and flavor of the food. Fay and Brevard ([2004](#bib153){ref-type="ref"}) have recently reviewed the use of mass spectrometry in the study of the involved Maillard reaction.

Peptidoglycans {#sec2-21}
--------------

One protein encoded by the 13 *Drosophila* peptidoglycan recognition proteins has been shown to possess enzymatic activity. MALDI‐TOF analysis of the degradation products demonstrated that the enzyme hydrolyses the lactylamide bond between the glycan chain and the cross‐linking peptides. The enzyme was, thus, classified as an *N*‐acetylmuramoyl‐[l]{.smallcaps}‐alanine amidase (Mellroth, Karlsson, & Steiner, [2003](#bib449){ref-type="ref"}). HPLC and MALDI‐PSD were used by Antignac et al. ([2003](#bib19){ref-type="ref"}) to characterize the peptidoglycan from *Neisseria meningitidis*. The peptidoglycan was hydrolyzed with muramidase from *Streptomyces globisporus*. Fourteen of the 28 muropeptides separated by HPLC were found to be *O*‐acetylated to different degrees. Proteoglycan‐like glyconectins from three sponges, *Microciona prolifera*, *Halichondria panicea*, and *Cliona celata* have been examined by NMR and mass spectrometry. The structures were complicated and contained distinct acid‐resistant and acid‐sensitive domains. Some sugars were sulfated and others pyruvylated (Guerardel et al., [2004](#bib207){ref-type="ref"}). Muropeptides derived from *Escherichia coli* peptidoglycan have been labeled with the fluorescent dyes ANTS, 7‐aminonaphthalene‐1,3‐disulfonic acid (ANDA, **46**) or 4‐aminonaphthalene‐1‐sulfonic acid (ANSA, **47**) and examined by fluorophore‐assisted carbohydrate electrophoresis (FACE). Results compared favorably, both qualitatively and quantitatively with earlier HPLC‐based methods. MALDI‐TOF MS was used to confirm the identity of the FACE separated glycans (Li, Höltje, & Young, [2004d](#bib399){ref-type="ref"}). chemical structure image chemical structure image

Glycoconjugates from Bacteria {#sec2-22}
-----------------------------

Some small anaerobic bacteria such as treponemes contain glycoconjugates that are different from the normal glycolipids. One of these glycoconjugates has been isolated from the oral spirochete, *Treponema medium* by phenol/water extraction and the carbohydrate removed enzymatically for structural identification by NMR and MALDI‐TOF MS. Fragmentation was performed with a TOF/TOF instrument and revealed the glycan sequence of a tetrasaccharide repeat unit containing the two amino acids ornithine (**48**) and Asp. The repeat unit ( → 4)‐β‐[d]{.smallcaps}‐Glc*p*NAc3NAcA‐(1 → 4)‐β‐[d]{.smallcaps}‐Man*p*NAc3NAOrn‐(1 → 3)‐β‐[d]{.smallcaps}‐Glc*p*NAc‐(1 → 3)‐α‐[d]{.smallcaps}‐Fuc*p*4NAcp‐(1 → ) contained mannose that was amide‐linked to [l]{.smallcaps}‐ornithine and fucose linked to [d]{.smallcaps}‐aspartic acid (Hashimoto et al., [2003a](#bib230){ref-type="ref"}). chemical structure image

Glycolipids {#sec2-23}
-----------

### Lipo‐Poly‐ (LPS) and ‐Oligosaccharides (LOS) {#sec3-14}

Many examples of the application of MALDI‐based methods to analysis of these compounds have been published; these are summarized in Table [6](#tbl6){ref-type="table"} and only a few representative studies and some with more unusual features will be discussed here. Extractions are normally carried out with hot aqueous phenol. These compounds often contain many more monosaccharide constituents than are found in the glycoproteins, requiring additional techniques such as combined gas chromatography/mass spectrometry (GC/MS) and NMR for their analysis. Their generally acidic nature, conferred by Kdo glycans and phosphate groups, makes them ideal candidates for examination in negative ion mode.
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Use of MALDI MS for examination of bacterial glycolipids
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#### Intact LOS {#sec4-11}

Although small lipooligosaccharides can be examined directly, most have to be modified by hydrolysis of the large *O*‐glycan chain or by removal of much of the lipid component of the lipid A (**1/18**) moiety. Thus, for example, the backbone structures of the LOS from *V. parahaemolyticus* strains have been obtained following *O*‐ and *N*‐deacylation with hydrazine and dephosphorylation with TFA (Hashii et al., [2003a](#bib228){ref-type="ref"},[b](#bib229){ref-type="ref"}). Laser‐induced decomposition can be a problem or, in some cases, can yield useful structural information. Thus, the negative ion MALDI‐TOF spectrum from DHB of the short‐chain LOS from a strain of *V. parahaemolyticus* (3 kDa) following deacylation showed successive losses of phosphoethanolamine (**49**), hexuronic acid and phosphate (Hashii et al., [2003b](#bib229){ref-type="ref"}). LOS from *M. catarrhalis* has been deacylated with hydrazine and examined in negative linear mode from DHB/hydroxy‐*iso*‐quinoline (HIQ). The spectrum showed several peaks produced by in‐source cleavage at the labile Kdo‐lipid A glycosidic bond (Luke et al., [2003](#bib419){ref-type="ref"}). The lipid A molecule itself, examined in reflectron mode, was found to contain seven acyl groups and varying amounts of ethanolamine esterified to the two phosphate groups. Both MALDI‐TOF and nanospray MS/MS analysis of the de‐*O*‐acylated (hydrazine) LOS from *Pseudoalteromonas haloplanktis* TAC 125 grown at 15°C has shown the presence of three phosphate groups, two on the lipid A and one on the core oligosaccharide, whereas at 25°C, an additional phosphate was added to the core (Ummarino et al., [2003](#bib688){ref-type="ref"}). The LOS from *Pseudoalteromonas issachenkonii* KMM 3549^T^ has been found to contain what is thought to be the first example of a 4,7‐disubstituted heptose as determined mainly by NMR; MALDI‐TOF MS was used to delineate the lipid A acylation pattern (Silipo et al., [2004b](#bib622){ref-type="ref"}). Two sets of ions were obtained as the result of cleavage of the labile Kdo‐lipid A bond. chemical structure image

*Haemophilus ducreyi* has been shown to be capable of incorporating sialic acids with *N*‐acyl groups larger than acetyl. However, the extent of sialylation dropped with increasing chain length, becoming non‐existent for sialic acid with chains above C8 (Goon et al., [2003](#bib193){ref-type="ref"}). The LOS was deacylated with hydrazine and examined by MALDI‐TOF from DHB/HIQ in negative ion mode; positive ion MS/MS spectra were obtained with electrospray ionization.

#### Lipid A {#sec4-12}

Mild acid hydrolysis of the labile bond between Kdo and the lipid A moiety is the normal method for releasing lipid A from these glycolipids. A method combining thin‐layer chromatography (TLC) with both MALDI‐TOF and ESI‐MS^n^ (up to MS^4^) has been applied to the analysis of lipid A from *E. coli*. The predominant fragmentation was loss of acyl groups but, whereas this appeared to occur by charge‐remote processes in the CID spectra, charge‐driven processes appeared to predominate in the MALDI spectra (Lee et al., [2004a](#bib384){ref-type="ref"}).

Several novel lipid As have been discovered during the review period. The first example of a neutral lipid A has been isolated from the predatory bacterium *Bdellovibrio bacteriovorus* (Schwudke et al., [2003](#bib611){ref-type="ref"}). The molecule consisted of a β‐(1 → 6)‐linked 2,3‐diamino‐2,3‐dideoxy‐[d]{.smallcaps}‐glucopyranose disaccharide carrying six hydroxylated fatty acids. α‐[d]{.smallcaps}‐mannopyranose residues occupied the two positions normally occupied by phosphates. A similar 2,3‐diamino‐2,3‐dideoxy‐[d]{.smallcaps}‐glucopyranose disaccharide carrying six hydroxylated fatty acids was found in the lipid A from *Leptospira interrogans* which causes a hemorrhagic fever known as Weil\'s disease. The molecule carried only one phosphate group which was mono‐methylated. The two hydroxy‐acyl groups attached to the diamino‐glucose residue I were esterified with unsaturated ω‐6‐12:1 and 14:1 fatty acids (Que‐Gewirth et al., [2004](#bib564){ref-type="ref"}). 2,3‐Diamino‐2,3‐dideoxy‐[d]{.smallcaps}‐glucopyranose has also been found in lipid A from *Bartonella henselae*, a Gram‐negative bacterium that causes cat‐scratch disease (Zähringer et al., [2004](#bib768){ref-type="ref"}) and in that from *Mesorhizobium huakuii*. In the latter compound, the phosphate group normally attached to the di‐NH~2~‐Glc moiety II was replaced by [d]{.smallcaps}‐glucuronic acid (Choma & Sowinski, [2004](#bib96){ref-type="ref"}). A 4‐amino‐4‐deoxy‐[l]{.smallcaps}‐arabinopyranose‐1‐phosphate has been found at the reducing end of the lipid A from *Burkholderia caryophylli* (Molinaro et al., [2003](#bib463){ref-type="ref"}). The negative ion MALDI‐TOF (DHB) spectrum showed considerable heterogeneity due to differing numbers of acyl groups. The proximal (reducing end) GlcN residue of lipid A from *Rhizobium leguminosarum* lacks a phosphate group and can be oxidized to 2‐amino‐2‐deoxy gluconate by an enzyme recently identified in the outer membrane of the bacterium (Que‐Gewirth et al., [2003](#bib563){ref-type="ref"}). The first example of lipid A from an *Agrobacterium* species (*A. tumefaciens* strain C58, a plant pathogen) has revealed the presence of a normal *bis*‐phosphorylated glucosamine disaccharide backbone with several acyl variants. The main species was a penta‐acyl derivative bearing two 3‐OH‐14:0 fatty acids in ester linkage and two 3‐OH‐16:0 acids in amide linkage. The 3‐OH‐16:0 acid on GlcN II was esterified with 27‐OH‐28:0 that, in turn was esterified with a 3‐OH‐butyroyl residue (Silipo et al., [2004a](#bib621){ref-type="ref"}). Other lipid A molecules to have been analyzed in the review period are listed in Table [6](#tbl6){ref-type="table"}.

#### Core oligosaccharide {#sec4-13}

Mild acid hydrolysis is also the method normally used to obtain core oligosaccharides from LPS. Ethanolamine diphosphate has been identified for the first time and its position of substitution established in the LPS core of a rough‐type mutant of *Pseudomonas aeruginosa* (PAO1 ΔalgC). In addition, the paper reported a reinvestigation of the structure of the complete LPS core of wild‐type *P. aeruginosa* PAO1 and a reassignment of the phosphorylation sites (Kooistra et al., [2003](#bib340){ref-type="ref"}). The LPS was complex because of the presence of esterified fatty acids that were removed by mild hydrazinolysis prior to analysis by ESI and MALDI. Phosphoethanolamine has also been found in strains of *N. meningitidis* (Tzeng et al., [2004](#bib687){ref-type="ref"}) and 4,6‐*O*‐(1‐carboxy)‐ethylidine residues derived from pyruvic acid have been identified in the core of LOS from *Pseudomonas stutzeri* OX1 (Leone et al., [2004a](#bib389){ref-type="ref"}).

#### *O*‐chain {#sec4-14}

The *O*‐chain from *Bordetella avium* LPS, obtained by mild acid hydrolysis to remove the lipid A followed by hydrofluorolysis to remove the core oligosaccharide, was found to consist only of a chain of the substituted 1 → 4 linked monosaccharide 2‐acetamido‐3‐(3‐hydroxybutanamido)‐2,3‐dideoxy‐β‐[d]{.smallcaps}‐glucopyranosyluronic acid (**50**). The negative ion MALDI‐TOF spectrum from DHB showed a series of peaks from 1 to 3.8 kDa (Larocque et al., [2003](#bib370){ref-type="ref"}). Other examples of *O*‐chain analysis are cited in Table [6](#tbl6){ref-type="table"}. chemical structure image

#### Extracellular polysaccharides (EPS) {#sec4-15}

Several examples of recent analyses of EPS are cited in Table [6](#tbl6){ref-type="table"} and only two representative examples will be expanded here. The structure of the repeating unit of the EPS from *Butyrivibrio fibrisolvens* strain H10b is a hexasaccharide carrying *O*‐acetyl and 1‐carboxyethyl groups and has been determined with a variety of techniques including NMR and circular dichroism (CD) following extraction with phenol. MALDI‐TOF MS of fractions from a partial acid hydrolysate was used to determine the carbohydrate sequence (Andersson, Cotta, & Kenne, [2003](#bib16){ref-type="ref"}). *B. cepacia*, a bacterium causing lung infections was obtained from a cystic fibrosis patient and cultured on agar plates. Phenol was added to the harvested cells, stirred for 5 hr at 4°C and the EPS was precipitated with isopropanol. MALDI‐TOF and NMR were used to determine the structure of the repeating unit as  → 5)‐β‐Kdo*p*‐(2 → 3)‐β‐[d]{.smallcaps}‐Gal*p*2Ac‐(1 → 4)‐α‐[d]{.smallcaps}‐Gal*p*‐(1 → 3)‐β‐[d]{.smallcaps}‐Gal*p*‐(1 → ). When grown on a mannitol‐rich medium, conditions that induce the formation of EPS, the bacteria produced a second compound with the structure ( → 6)‐β‐[d]{.smallcaps}‐Fru*f*‐(2 → ) (Cescutti et al., [2003](#bib84){ref-type="ref"}).

### Glycosphingolipids (GSL) {#sec3-15}

#### Studies on the glycan moiety following removal of the ceramide {#sec4-16}

Glycosphingolipids can be analyzed directly by MALDI‐TOF but the spectra are usually complicated because of heterogeneity in the ceramide portion of the molecule. Thus, many investigators use an enzyme such as ceramide glycanase to remove the ceramide. A recent example is a study of the effect of *N*‐alkyl analogues of deoxynojirimycin (DNJ), inhibitors of ceramide glucosyltransferase, on GSL structure. GSLs were cleaved with ceramide glycanase and labeled with 2‐AB (**1/56**) for analysis by HPLC and MALDI‐TOF (Mellor et al., [2004a](#bib447){ref-type="ref"}). Carbohydrates substituted with phosphocholine (PC) and phosphoethanolamine (PE) have been released with endoglycoceramidase from glycosphingolipids of the pig parasitic nematode *Ascaris suum* and identified by MALDI, ESI, GC/MS (methylation analysis) and NMR (Friedl et al., [2003](#bib165){ref-type="ref"}).

A rapid method for splitting glycosphingolipids into their three components (sugar, sphingosine and fatty acid) by use of a domestic microwave oven has been reported by Itonori et al. ([2004b](#bib269){ref-type="ref"}). The glycosphingolipids were heated with 0.1 M NaOH/MeOH for 2 min followed by 1 M HCl/MeOH for 45 sec. The alkaline methanolysis step produced the intermediate lysoglycosphingolipids virtually free of by‐products such as the *O*‐methyl ethers that are usually seen but the *N*‐acetylamino‐sugars needed re‐acetylation by reaction with acetic anhydride/pyridine at room temperature.

#### Studies by TLC and MALDI {#sec4-17}

Glycosphingolipids are frequently separated by TLC. Ivleva et al. ([2004](#bib271){ref-type="ref"}) have published a method for attaching TLC plates to a MALDI target and have obtained spectra of even fragile compounds such as gangliosides by using an FTICR instrument fitted with a vibrationally cooled MALDI ion source. Twenty matrices were investigated and the soft matrices, DHB, ATT and anthranilic acid (**1/57**) were found to produce the least sialic acid loss from gangliosides. TLC resolution was best preserved by using matrices in rapidly evaporating organic solvents.

#### Applications to the structural elucidation of glycosphingolipids {#sec4-18}

A novel GlcNAc‐α‐1 → HPO~3~ → 6‐Gal‐(1 → 1)‐ceramide (**51**) has been identified from the liver fluke, *Fasciola hepatica*, by MALDI‐TOF and electrospray‐MS/MS. HF treatment released the GlcNAc residue, confirming the GlcNAc‐phosphate link (Wuhrer et al., [2003b](#bib738){ref-type="ref"}). Mammalian type globo‐ and *iso*‐globotriaosylceramides have also been found in this species obtained from infected sheep. MALDI‐TOF spectra were obtained from both the intact glycosphingolipids and the 2‐AP derivatives of their released glycans using ATT as the matrix, and the presence of antigenic terminal α‐galactose was demonstrated by on‐target incubation with α‐galactosidase (from chicken) (Wuhrer et al., [2004a](#bib739){ref-type="ref"}). Ceramides carrying β‐Gal‐(1 → 6)‐β‐Gal‐(1 → 1)‐Cer and larger oligosaccharides with from one to three additional β1 → 6‐linked mannose residues represent a departure from the common glycosphingolipids that contain inositol phosphate found in many fungi and may account for the resistance of this species to the fungicide, Aureobadidin A (Aoki et al., [2004b](#bib24){ref-type="ref"}). Measurements by SELDI MS of tetanus neurotoxin (53.7 kDa) incubated with the ganglioside GT1b, and observation of the intact protein/ganglioside complex, has shown that two carbohydrate binding sites are required for toxicity (Rummel et al., [2003](#bib589){ref-type="ref"}).

#### Miscellaneous studies {#sec4-19}

Two photoaffinity probes (ganglioside GM2 labeled on the acyl chain with a *p*‐(3‐trifluoromethyl)diazirinyl‐phenyl group) (**52**), were used to probe the active site of GM2‐activator protein. After binding, and trypsinization, the tryptic peptides were examined by MALDI‐TOF and ESI‐MS and found to be bound to the most flexible region of the protein (Wendeler et al., [2004a](#bib724){ref-type="ref"}). γ‐Radiolysis of glucosylceramide and galactosyl diglyceride resulted in the release of the sugars as shown by MALDI‐TOF MS (Shadyro et al., [2004](#bib613){ref-type="ref"}). Other studies and details of the above work are summarized in Table [7](#tbl7){ref-type="table"}. chemical structure image
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### Glycoinositolphosphosphingolipids (GIPSL) {#sec3-16}

Novel zwitterionic glycosphingolipids having the sugar chain capped with phospholcholine have been reported from the mycelia of filamentous fungi of *Acremonium* species (Aoki et al., [2004a](#bib23){ref-type="ref"}). Structures were of the type PC → 6‐(Man‐(α1 → 6)‐Man‐(α1 → 6)‐GlcN‐(α1 → 2)‐Ins1‐P‐1‐Cer. A related compound without the attached glycan chain has been identified from the red alga *Gracilaria verrucosa* (Khotimchenko & Vas\'kovsky, [2004](#bib322){ref-type="ref"}).

### Glycoglycerolipids {#sec3-17}

The glycoglycerolipid α‐[d]{.smallcaps}‐Glc*p*‐(1 → 3)‐α‐[d]{.smallcaps}‐Glc*p*‐(1 → 1)‐lipid where the lipid is glycerol containing a C~15~ acyl group at C‐2 and a C~15~ ether at C3 has been separated from the propionibacterium *Propionibacterium propionicum* by TLC and its structure determined by MALDI‐TOF, NMR, ESI/MS, and GC/MS. Related compounds acylated at C6 of the outer glucose residue and compounds lacking either this glucose or one fatty acid residue were also found (Pasciak et al., [2003](#bib529){ref-type="ref"}). Glycoglycerolipids from the thermoplilic bacterium *Meiothermus taiwanensis* have been shown to have the structure α‐Gal*p*‐(1 → 6)‐β‐Gal*p*‐(1 → 6)‐β‐GalNAcyl‐(1 → 2)‐α‐Glc‐(1 → 1)Gro where Acyl = 17:0 or hydroxy‐17:0 (Yang et al., [2004](#bib758){ref-type="ref"}). A similar compound from the thermophilic bacterium *Thermus oshimai* NTU‐063 has the structure β‐Glc*p*‐(1 → 6)‐β‐Glc*p*‐(1 → 6)‐β‐Glc*p*NAcyl‐(1 → 2)‐α‐Glc*p*‐(1 → 1)‐glycerol diester where the *N*‐acyl group is a 15:0 or 17:0 fatty acid and the glycerol‐attached fatty acids have chain lengths from 15:0 to 18:0. The MALDI‐TOF spectrum contained a range of peaks from *m*/*z* 1,300 to 1,550 (Lu et al., [2004a](#bib414){ref-type="ref"}). Di‐mannosyl‐acyl monoglyceride in which the mannose residue adjacent to the glycerol contained an anteiso‐branched 15‐carbon acid at the 6‐position has been characterized from *Rothia mucilaginosa*, a pathogen responsible for several opportunistic infections. Unusually the acyl group attached to the glycerol was at C2 rather than the more usual C3 (Pasciak et al., [2004](#bib530){ref-type="ref"}).

### Lipomannans, Lipoarabinomannans, and Arabinomannans {#sec3-18}

The structure of a novel mannose‐capped lipoarabinomannan from *Amycolatopsis sulphurea* has been investigated with a range of techniques of which MALDI‐TOF (DHB, negative ion) showed an average molecular mass of around 10 kDa but with a broad, unresolved envelope of peaks with a half‐height width of approximately 5 kDa (Gibson et al., [2003](#bib187){ref-type="ref"}). The lipoarabinomannan from the mycobacterium‐like organism *Tsukamurella paurometabola* has produced a MALDI‐TOF spectrum from s‐DHB with a broad peak with a mass range from 9 to 16 kDa. The structure was mainly determined by NMR. It lacked some of the features such as branching arabinan chains that are found in arabinomannans from mycobacteria but, nevertheless the molecule was claimed to be the most elaborated non‐mycobacterial arabinomannan identified to date (Gibson et al., [2004](#bib188){ref-type="ref"}). Lipomannan and lipoarabinomannan from *Mycobacterium kansasii* has been shown to possess a manno‐oligosaccharide cap but to lack the phosphoinositol cap found in lipoarabinomannans from *Mycobacterium smegmatis* (Guérardel et al., [2003](#bib208){ref-type="ref"}). Mechanistic studies on the biosynthesis of lipoarabinomannan from *M. smegmatis* have been conducted with the help of MALDI‐TOF analysis (Korduláková et al., [2003](#bib343){ref-type="ref"}; Zhang et al., [2003c](#bib779){ref-type="ref"}). chemical structure image

### Other Glycolipids {#sec3-19}

Mass spectrometric methods for analysis of flavonoids have been reviewed (Prasain, Wang, & Barnes, [2004](#bib557){ref-type="ref"}). Three glycosyltransferases (Pérez et al., [2004b](#bib542){ref-type="ref"}) and two methyltransferases (Pérez et al., [2004a](#bib541){ref-type="ref"}) involved in the biosynthesis of phenolic glycolipids from *Mycobacterium tuberculosis* have been characterized. MALDI‐TOF spectra of the glycolipids showed a range of produces with masses of around 1.5 kDa resulting from acyl heterogeneity. A new mannitol teichoic acid has been reported from the cell wall of the bacterium *Brevibacterium* sp. VKM Ac‐2118 isolated from a frozen late Pliocene layer (1.8--3 Myr) of Kolyma lowland, Russia. The structure consisted of 1,6‐poly(mannitol phosphate) with the majority of mannose residues carrying additional phosphate groups. Positive ion MALDI spectra from DHB gave peaks to 6 kDa (Potekhina et al., [2003](#bib553){ref-type="ref"}). The structures of hexamannosides from mycobacterial species have been elucidated and found to contain up to four long‐chain acyl groups (Gilleron, Quesniaux, & Puzo, [2003](#bib189){ref-type="ref"}). A typical structure is **53**. Studies with *M. smegmatis* have shown that mannose metabolism, as revealed by studies on phosphoinositol mannosdes, is required for growth (Patterson et al., [2003](#bib532){ref-type="ref"}). Mycoglycolipids have been isolated from the edible fungus *Hypsizygus marmoreu* and identified by GC/MS and MALDI‐TOF MS (Itonori, Aoki, & Sugita, [2004a](#bib268){ref-type="ref"}). The biosynthesis of mycobacterial phosphatidyl mannosides has been revised with the help of MALDI‐TOF analysis (Morita et al., [2004](#bib471){ref-type="ref"}). PIM~4~ (four mannose residues and two palmitate chains) present in mycobacterial phosphatidyl manno‐oligosaccharide, identified by PSD from CHCA, has been shown to be a natural antigen for CD1d‐restricted T cells (Fischer et al., [2004](#bib160){ref-type="ref"}).

Glycosides {#sec2-24}
----------

Although MALDI‐TOF MS is used quite extensively in this field, FAB still appears to be the most commonly encountered ionization technique. Glycosides identified by MALDI during the review period are listed in Table [8](#tbl8){ref-type="table"}. Glucosylated heteropolyflavans (e.g., **54**) from *Sorghum bicolor* have been examined by Krueger, Vestling, and Reed ([2003](#bib352){ref-type="ref"}); polymers with from three to seven flavan units and up to seven glucose residues were found. To overcome problems with estimation of the number of hydroxyl groups present due to the coincidence in mass with the \[M + K\]^+^ ion, samples were analyzed as cesium adducts by addition of cesium trifluoroacetate to the sample/matrix solution. Silver trifluoroacetate was also investigated but problems were encountered with cluster formation and the two mass unit difference between the silver isotopes. Over 28 triterpene saponins, 8 of them new, have been identified in a fraction, named QH‐B from the South American tree *Quillaja saponaria*. The 28 saponins formed 14 equilibrium pairs by the migration of an *O*‐acyl group between two adjacent positions on a fucosyl group (Nyberg, Baumann, & Kenne, [2003](#bib501){ref-type="ref"}). The triterpene glycoside from the sea cucumber *Stichopus mollis* (Stichopodidae) was found by Moraes et al. ([2004](#bib467){ref-type="ref"}) to differ in structure from the corresponding glycosides from all other known stichopodids in possessing a sulfate group in the carbohydrate chain, prompting the authors to propose a reclassification to a new genus, *Australostichopus* Levin. Both MALDI and ESI in negative ion mode have been demonstrated to be capable of detecting carminic acid (**55**), the red dye isolated from cochineal, in paintings applied to canvas. Binding agents such as linseed oil did not interfere with the detection (Maier, Parera, & Seldes, [2004](#bib429){ref-type="ref"}). MALDI‐TOF has also been used to study the biotransformation of ginsenoside Rb~1~ by 49 microbial strains (Dong et al., [2003](#bib140){ref-type="ref"}). chemical structure image chemical structure image chemical structure image
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Osmoregulated Periplasmic Glucans {#sec2-25}
---------------------------------

These compounds are mixtures of cyclic, branched, and linear polymers of glucose containing various species‐different substituents. They accumulate in the periplasmic space of gram‐negative bacteria in response to low osmolarity. Lequette et al. ([2004](#bib391){ref-type="ref"}) have identified the gene that encodes for the protein that controls the backbone structure of these carbohydrates. Associated analysis of the carbohydrates with masses up to 3.5 kDa was performed by MALDI‐TOF from DHB or 3‐AQ.

GLYCOSYLATION AND OTHER REACTION MECHANISMS {#sec1-9}
===========================================

Matrix‐assisted laser desorption/ionization‐time‐of‐flight mass spectrometry (MALDI‐TOF MS) has been used by many laboratories to monitor the products of enzyme reactions aimed at deducing mechanisms of action or characterization of newly discovered enzymes. Much of this work is summarized in Table [9](#tbl9){ref-type="table"}. Desorption/ionization on silicon mass spectrometry (DIOS‐MS) or laser desorption without a matrix has been shown to be a viable alternative to MALDI for analysis of small molecules and carbohydrates and has been used to monitor the activity of α2 → 6‐sialyltransferase on the disaccharide Gal‐β‐(1 → 4)‐GlcNAc (Shen et al., [2004](#bib616){ref-type="ref"}). Jobron et al. ([2003](#bib286){ref-type="ref"}) have immobilized *N*‐acetyllactosamine on a cellulose membrane and used it as an acceptor for assaying four glycosyltransferases. The trisaccharide produced by α1 → 3‐galactosyltransferase was identified by MALDI and the method was proposed as the basis of a high‐throughput technique for enzyme screening. A method for detecting the presence of *O*‐glycanase, an enzyme that cleaves the Galβ‐(1 → 3)‐GalNAcα‐(1 → ) link to serine or threonine, uses MALDI to detect the \[M + Na\]^+^ ion at *m*/*z* 406 corresponding to the released sugar (Akai et al., [2003](#bib4){ref-type="ref"}).
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Use of MALDI to study the products of enzyme action on carbohydrates
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INDUSTRIAL APPLICATIONS {#sec1-10}
=======================

Food Industry {#sec2-26}
-------------

A MALDI‐TOF method for the simultaneous detection and measurement of sugars, ascorbic acid (**57**), citric acid (**58**), and sodium benzoate has been developed by Ayorinde, Bezabeh, and Delves ([2003](#bib28){ref-type="ref"}). The matrix was *meso*‐*tetrakis*‐(pentafluorophenyl)porphyrin (**59**), a compound with a molecular weight of 974 which is well above that of the target molecules. Sodium or potassium hydroxides were used as dopants. The method was particularly good at detecting the low molecular weight organic acids. MALDI‐TOF MS, from DHB also provides a method for detecting the presence of starch hydrolysates as adulterants in fruit juices (Cabálková et al., [2004](#bib75){ref-type="ref"}). The action of the enzyme preparation, Olivex, used in the preparation of olive (*Olea europaea*) oil has been investigated. The preparation is mainly a pectinase that hydrolyses (1 → 4)‐linked galactan chains from the cell wall. However, it is unclear how this reaction improves the quality of the product (Vierhuis et al., [2003](#bib697){ref-type="ref"}). A comparative study of five *Rhizobium* strains from different cropping areas of China has concluded that differences in the efficiency of nitrogen fixation is not related to differences in Nod factor structure (identified by MALDI‐TOF and ESI‐Q‐TOF MS) (Thomas‐Oates et al., [2003](#bib679){ref-type="ref"}). chemical structure image chemical structure image chemical structure image

Biopharmaceutical Industry {#sec2-27}
--------------------------

Production of humanized antibodies and other biopharmaceuticals in plants and insect cell lines, as a safe and economically feasible alternative to production in animals, requires re‐engineering of the *N*‐glycan synthesis machinery to eliminate potentially antigenic α1 → 3‐fucose‐ and β1 → 2‐xylose‐containing glycans. MALDI‐TOF analysis is ideally placed for analysis of the resulting glycans and many examples are listed in Table [10](#tbl10){ref-type="table"}. An analysis of human transferrin expressed in *Lymantria dispar* (gypsy moth), however, has shown the natural absence of core α1 → 3‐fucosylation, a normally common motif in insects (Choi et al., [2003b](#bib94){ref-type="ref"}). To study the specificity of IgG and IgE antibodies against the α1 → 3‐fucose and β1 → 2‐xylose epitope, Bencúrová et al. ([2004](#bib47){ref-type="ref"}) have modified the relatively simple biantennary glycans on human transferrin to incorporate these epitopes. Products were monitored by MALDI‐TOF MS and antibody binding was reported to be greatest for the fucosylated glycans. Maeda et al. ([2004](#bib428){ref-type="ref"}) have replaced all of the asparagine residues of the *N*‐glycosylation sites in procarboxypeptidase Y by alanine and expressed the protein in *P. pastoris*. The resulting protein lacked *N*‐glycosylation but contained residual glucose, thought to be *O*‐linked, as detected by an increase in the MALDI mass from that expected from the amino acid sequence. Analysis of erythropoietins (EPO) with varying glycosylation has shown the fully sialylated tetra‐antennary glycan, identified by HPLC and MALDI‐TOF MS as its 4‐AA derivative, to be the major determinant of biological activity (Yuen et al., [2003](#bib766){ref-type="ref"}). Sanz‐Nebot et al. ([2003](#bib596){ref-type="ref"}) have recorded MALDI spectra from intact human recombinant EPO and noted a drop in measured mass with increasing laser power which they attributed to loss of sialic acid within the ion source. MALDI‐TOF has been used to identify *O*‐glycans from a von Willebrand factor C domain produced in *P. pastoris* (O\'Leary et al., [2004](#bib511){ref-type="ref"}). Methods for their removal were investigated.

###### 

Use of MALDI analysis to monitor *N*‐glycosylation in biopharmaceuticals
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A method for monitoring glycosylation in pharmaceuticals based on capillary electrophoreses of 3‐AA derivatives with structural confirmation by MALDI‐TOF MS has been published by Kamoda et al. ([2004](#bib297){ref-type="ref"}). MALDI and ion exchange chromatography have proved useful for checking the batch‐to‐batch variation in glycosylation of three recombinant gonadotropins. As an example, excellent consistency (3.5) was found for the degree of sialylation of 120 batches of recombinant thyroid stimulating hormone over a 3‐year period (Gervais et al., [2003](#bib184){ref-type="ref"}).

Several reviews on the production of biopharmaceuticals and containing reference to MALDI‐TOF analysis have been published. These include production of human therapeutic proteins in yeasts (Bretthauer, [2003](#bib65){ref-type="ref"}), yeasts and filamentous fungi (Gerngross, [2004](#bib183){ref-type="ref"}) and lepidopteran cell lines (Tomiya et al., [2004](#bib682){ref-type="ref"}). Methods for characterizing biological products after manufacturing changes have also been reviewed (Chirino & Mire‐Sluis, [2004](#bib92){ref-type="ref"}).

Paper Industry {#sec2-28}
--------------

Slime deposits in paper mills, termed biofouling, is a problem in the paper industry and has prompted studies on the composition of their glycolipids. The EPS from *Methylobacterium* strains, responsible for "pink slime" have been shown by Verhoef et al. ([2003](#bib695){ref-type="ref"}) to consist of the repeating unit: ( → 3)‐\[4,6‐*O*‐(1‐carboxyethylidene)\]‐α‐[d]{.smallcaps}‐Gal*p*‐(1 → 3)\[4,6‐*O*‐(1‐carboxyethylidene)\]‐α‐[d]{.smallcaps}‐Gal*p*‐(1 → 3)‐α‐[d]{.smallcaps}‐Gal*p*‐(1 → ).

CARBOHYDRATE SYNTHESIS {#sec1-11}
======================

Sadly, many chemical papers appear to ignore details of the equipment and conditions used to obtain mass spectra of carbohydrates (and other compounds) even though conditions such as the choice of MALDI matrix are often essential in getting the compounds to "fly." Although NMR experiments and equipment are usually described in great detail, information on mass spectrometry is frequently reduced to uninformative acronyms such as HRMALDIMS with no further details. Without knowledge of the equipment used to record the spectra it is difficult to judge if HR is indeed meaningful. The relegation of essential methods to "supplementary information" is also to be regretted. The absence of essential information such as the matrix from many publications is reflected in Table [11](#tbl11){ref-type="table"} (with apologies to authors from whose papers this information has been missed). "MALDI" is used for papers omitting to cite the type of instrument used to record the spectra. Most of the publications in this area relate to routine monitoring of reaction products and are summarized in Table [11](#tbl11){ref-type="table"}. In addition to chemical reactions, enzymes are frequently used in this area because of their stereospecificity. Both transferases and glycosidases such as PNGase F used in their reversed mode to catalyze transglycosylations (Park, Lee, & Park, [2003a](#bib525){ref-type="ref"}) can be used; however, evidence has been found to suggest that enzymes used for reverse hydrolysis reactions can have their activity reduced by Maillard glycation (Maitin & Rastall, [2004](#bib430){ref-type="ref"}). As with the previous review, the two areas that are particularly relevant for monitoring are those of glycodendrimers and glycoprotein conjugates.

###### 

Use of MALDI MS for monitoring products of synthetic reactions
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Synthesis of Multivalent Carbohydrates, Dendrimers and Glycoclusters {#sec2-29}
--------------------------------------------------------------------

Many polyfunctional compounds have been used to build the basic scaffold of these molecules. Dendrimers built on such scaffolds include those on *tris*‐(2‐aminoethyl)‐amine (**60**) (Li et al., [2004e](#bib400){ref-type="ref"}), trimesic acid (**61**) (Nishida et al., [2003](#bib496){ref-type="ref"}), carbosilanes (**62**) (Boysen & Lindhorst, [2003](#bib64){ref-type="ref"}), silsesquioxanes (**63**) (Gao et al., [2004](#bib178){ref-type="ref"}), cyclotriveratrylene (**64**) (van Ameijde & Liskamp, [2003](#bib692){ref-type="ref"}), tetra‐aryl porphorins (**65**) (Ballardini et al., [2003](#bib33){ref-type="ref"}; Ahmed et al., [2004](#bib3){ref-type="ref"}; Laville et al., [2004](#bib377){ref-type="ref"}) and fullerene derivatives (Isobe et al., [2003](#bib267){ref-type="ref"}). Further examples are in Table [11](#tbl11){ref-type="table"}. Poly‐hydroxy compounds such as carbohydrates themselves have been used as the core for dendrimers. Thus, Wu and Kong ([2004a](#bib734){ref-type="ref"}) used ethylene glycol and glycerol to produce di‐ and trivalent (**66**) first order dendrimers with trisaccharides attached to each arm and Köhn et al. ([2004](#bib335){ref-type="ref"}) used glucose to produce pentavalent dendrimers containing either mono‐ or trisaccharides. Three first‐order dendrimers based on a cyclodextrin core containing fourteen Val, Phe or Val‐Phe residues have been synthesized. The amino acids were linked to the terminal residues of 3,3′‐iminobispropanolamine which was coupled through the central nitrogen to the 6‐iodo derivative of β‐cyclodextrin (Muhanna et al., [2003](#bib476){ref-type="ref"}). First‐order dendrimers have also been synthesized by coupling 7, 14, or 21 Man---O---Ph---C≡C---CH~2~--- groups to β‐cyclodextrin (Ortega‐Caballero, Giménez‐Martínez, & Vargas‐Berenguel, [2003](#bib516){ref-type="ref"}) (**67**) giving glycodendrimers with carbohydrate moieties both at the core and periphery. Wu and Kong ([2004a](#bib734){ref-type="ref"}) have also synthesized related compounds by cyclization of nona‐ and dodecasaccharides to give dendrimers containing hexa‐ and octa‐saccharide rings. Schizophyllan (\[ → Glc‐β‐(1 → 3)‐(Glc‐β‐(1 → 6)Glc‐β‐(1 → 3)‐Glc‐β‐(1 → 3)‐\]~n~) has also been used as a backbone; β‐glucoside appendages were oxidized to give aldehyde groups which were coupled to aminoethyl‐β‐lactoside or α‐mannoside by reductive elimination (Hasegawa et al., [2004](#bib227){ref-type="ref"}). There is also a report of a glycodendrimer, based on a polyphenylene scaffold with a ring of monosaccharides between the center and the periphery (Sakamoto & Müllen, [2004](#bib591){ref-type="ref"}) (**68**). chemical structure image chemical structure image chemical structure image chemical structure image chemical structure image chemical structure image chemical structure image chemical structure image

Some of the largest multivalent glycodendrimers are based around a scaffold consisting of amino acids or polyamidoamine (PAMAM). In one of the latter cases, MALDI‐TOF analysis of the products gave broad peaks with masses less than those predicted and attributed to incomplete synthesis of the PAMAM scaffold. Masses ranged from 10,000 to 132,000 Da (178 mannose residues) (Woller et al., [2003](#bib732){ref-type="ref"}). Choudhury, Kitaoka, and Hayashi ([2003](#bib97){ref-type="ref"}) have used MALDI‐TOF for monitoring PAMAM glycodendrimers containing cellobiose. The dendrimer with 32 sugar units produced a spectrum (*m*/*z* 19,132) but the next generation glycodendrimer (64 sugar units, predicted mass for C~1518~H~2656~O~892~N~250~ = 38,661) failed to give a signal. Synthesis of large, fifth generation glycodendrimers with potentially 64 outer sugar residues (**69**) and sulfated analogues has been monitored by MALDI‐TOF MS from THAP (positive ion) and IAA (negative ion) to reveal that approximately 50 of the potential 64 sugars were actually incorporated (Kensinger et al., [2004](#bib317){ref-type="ref"}). Sharp MALDI‐TOF peaks from spherical oligosaccharide‐β‐alanine‐poly(lysine) dendrimers containing 32 cellobiose (13,418 Da), maltose (13,472 Da), and lactose (13,507 Da) groups respectively, synthesized by Baigude et al. ([2003](#bib30){ref-type="ref"}), showed complete substitution of the amino groups by carbohydrate. Differences were found between the measured and calculated masses of larger maltose‐containing glycodendrimers (13 kDa) based of a poly(ornithine) scaffold with the higher experimental masses being attributed to instrumental factors. The MALDI‐TOF spectrum from CHCA of a third generation maltose‐proline‐poly(lysine) dendrimer (4.4 kDa) synthesized by Baigude et al. ([2004b](#bib32){ref-type="ref"}) gave three peaks attributed to the \[M + H\]^+^, \[M + Na\]^+^, and \[M + K\]^+^ ions. Attempted addition of a succinyl group to each maltose residue produced a MALDI spectrum with multiple peaks attributed to different numbers of attached succinyl groups and giving an average number of 13 attached groups. Finally a 24‐mer peptide was attached to produce a potential AIDS vaccine; MALDI‐TOF analysis indicated the addition of one and two such units. Self‐assembling dendrimers carrying four or eight GalNAc residues have been constructed on a bipyridyl core; addition of Cu(II)SO~4~ linked two bipyridyl units to give the dendrimer. It was characterized by MALDI‐TOF MS from DHB and THAP as the intact Cu(II)‐linked molecule (**70**) (Roy & Kim, [2003](#bib587){ref-type="ref"}). chemical structure image chemical structure image

Synthesis of Carbohydrate--Protein Conjugates {#sec2-30}
---------------------------------------------

Matrix‐assisted laser desorption/ionization‐time‐of‐flight (MALDI‐TOF) analysis is used in this area mainly to estimate the number of carbohydrate molecules bound to the protein. Conjugation of the glycans is frequently by squaric acid chemistry or by reductive amination. However, Lewis b hexasaccharide has been linked to human serum albumin (HSA) with a disuccinimidyl suberate spacer. The authors found that this spacer had a similar linking efficiency to squaric acid but had the advantage of a fast incorporation of the receptor saccharide to the carrier protein (Lahmann et al., [2004](#bib362){ref-type="ref"}). Saksena, Ma, and Kovác ([2003](#bib592){ref-type="ref"}) have used SELDI to monitor the conjugation to BSA of di‐ through penta‐saccharides that mimic the upstream terminus of the O‐specific polysaccharide of *Vibrio cholerae* O:1, serotype Ogawa using squaric diester chemistry. SELDI monitoring of the reaction allowed the extent of conjugation to be monitored and stopped when the desired molar hapten‐BSA ratio had been reached. The accuracy of the mass measurement could be increased by using the carrier protein as the internal standard. Tri‐ and hexa‐galacturonates have been synthesized and coupled to BSA by reductive amination; MALDI analysis gave a molecular weight of 70.996 corresponding to 3.8 mol of ligand/mol of BSA (Clausen & Madsen, [2004](#bib102){ref-type="ref"}). To develop antibodies to Saikosaponin A, a triterpenoid saponin from the root of *Bupleuri radix*, a plant used in Eastern medicine, Zhu et al. ([2004b](#bib788){ref-type="ref"}) have conjugated the saponins to BSA and determined the hapten number as 11 by MALDI from sinapinic acid. Concanavalin A has been labeled with a fluorescent probe at the active site by first binding a photolabile linker attached to mannose to the active site. The probe was then fixed to the protein by photoaffinity labeling, the mannose was removed by reduction of the disulfide link and the resulting thiol group used to attach various fluorescent reagents (Nagase et al., [2003](#bib483){ref-type="ref"}). MALDI from sinapinic acid was used to monitor various stages of the reaction and to demonstrate that the final addition of the fluorescent group occurred to the extent of 70--90%. Nyame et al. ([2003](#bib500){ref-type="ref"}) have synthesized di‐ and trisaccharides bearing the LDN and LDNF epitopes and conjugated these, together with one carrying the Lewis^x^ epitope, to BSA. MALDI‐TOF analysis showed that three to four molecules were coupled per mole of BSA. These and additional examples are listed in Table [11](#tbl11){ref-type="table"}. chemical structure image

Carbohydrates as Synthetic Reagents {#sec2-31}
-----------------------------------

A cyclosophoraose (cyclic‐(1 → 2)‐β‐[d]{.smallcaps}‐glucan) named Cys, produced by soil micro‐organisms of the genus *Rhizobium*, has been found to act as a catalyst for the methanolysis of several compounds such as phosphatidylcholine (Lee & Jung, [2004](#bib380){ref-type="ref"}). MALDI analysis of several of the reaction intermediates showed acylated cyclosophoraoses in the mass range 3,000--4,500. Carboxymethylated Cys from *R. leguminosarum* biovar *trifolii* could be used to complex and, consequently increase the aqueous solubility of hydrobenzoin and *N*‐acetyltryptophan (Lee et al., [2004c](#bib386){ref-type="ref"}).

MISCELLANEOUS {#sec1-12}
=============

A few additional papers documenting the use of MALDI analysis for carbohydrate analysis that do not fit the above categories, have been published. Thus, Microsin E492 (MccE492), an 84‐amino acid antimicrobial peptide from *Klebsiella pneumoniae* has been purified in a post‐translationally modified form from *E. coli* VCS257 harboring the pJAM229 plasmid or *K. pneumoniae* RCY492. The 831 Da modification was characterized by MS and NMR and found to consist of a trimer of *N*‐(2,3‐dihydroxybenzoyl)‐[l]{.smallcaps}‐serine linked *via* a *C*‐glycosidic bond to β‐[d]{.smallcaps}‐glucose that was *O*‐linked to the MccE492 (Thomas et al., [2004b](#bib678){ref-type="ref"}). It has been proposed that tunicamycin, an inhibitor of [d]{.smallcaps}‐HexNAc‐1‐P‐translocases, exerts its action by coordinating the divalent metal cofactor at the active site. MALDI spectra of tunicamycin in the presence of several divalent metals contained ions with compositions of \[Tun + Metal~2~\]^+^ showing that one of the metal atoms was present as a metal chelate (Xu et al., [2004](#bib749){ref-type="ref"}). The C‐terminus loop 13 of the Na^+^ glucose co‐transporter (SGLT1) has been shown to contain a binding site for inhibitory alkyl glucosides following photoaffinity labeling and MALDI‐TOF analysis (Raja, Kipp, & Kinne, [2004](#bib565){ref-type="ref"}). Three hydroxyproline‐rich peptides of 15, 18, and 20 amino acids, containing several pentose residues have been identified as defense signaling peptides released at wound sites in tomato plants (Pearce & Ryan, [2003](#bib534){ref-type="ref"}).

CONCLUSIONS {#sec1-13}
===========

From the above, it can be seen that MALDI and particularly MALDI‐TOF is still a major analytical method for carbohydrate analysis. Even though electrospray ionization, particularly when coupled with CID, is being increasingly used, MALDI‐TOF usually provides a superior profile of constituent sugars because of the tendency of the technique to produce only singly charged ions. However, MALDI‐TOF MS of native acidic glycans is less satisfactory because of problems with prompt fragmentation. Electrospray causes less fragmentation of these compounds but tends to produce ions in different charge states from glycans with several acidic groups, thus giving a profile that is not representative of the glycan content. However, this problem, and the instability of acidic carbohydrates under MALDI conditions, can be overcome by derivatization of the carboxylic acid group of sialic acids but sulfates must be protected by other techniques such as ion pairing. Thus, both MALDI and electrospray have advantages and disadvantages for carbohydrate work and the best technique to use will be dictated by the problem to be solved. The work during the review period has shown that although MALDI is now relatively "mature," it is expected that future editions of this review series will be able to report many improved methods for performing these analyses.

ABBREVIATIONS {#sec1-14}
=============
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